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FOREWORD 
The research in this document was intended to  contribute to  determining 
the  feasibility of predicting  the  conditions  under which wind/turbulence  environments 
hazardous  to  aviation  operations  exist.  Aeronautical  Research  Associates of Princeton 
has developed a computer  model  for  solving  for  the  velocity,  temperature,  and  turbu- 
lence  distributions  in  the  atmospheric boundary layer. The  model is based on using 
invariant modeling for  clousre of the  dynamic  equations of the  ensemble-averaged, 
single-point,  second-order  correlations of the  fluctuating  velocities and temperature. 
The  model  equations a re  reviewed, and the  dimensionless  parameters  investigated 
include surface roughness, geostrophic wind, latitude, surface heating, baroclinicity, 
radiation flux divergence, and geostrophic accelerations. Results of some variations 
in each of these  variables  and,of  some  indication of probable  maximum wind shear 
conditions at  airports  are  presented.  From  the National Transportation Safety Board 
aircraft  accident  data bank, a  set of accidents  for which wind shear  and/or  turbulence 
appeared  to be a  contributing  factor  was  investigated  to  select  cases which can be 
used  to  evaluate  the  feasibility of predicting when conditions will be hazardous  to  air- 
craft  operations, It is believed  that results  from this two-part  study  can have signifi- 
cant  implications  relative  to  the  aeronautical  safety  aspects  during landing  and  takeoff. 
This  research was conducted by the  Aeronautical  Research  'Associates of 
Princeton  for  the National Aeronautics  and  Space  Administration, George C. Marshall 
Space Flight Center, Huntsville, Alabama, under the technical direction of Mr.  Dennis 
W. Camp and M r s .  Margaret B. Alexander of the Space Sciences Laboratory. The 
support  for  this  research  was provided by Mr.  John  Enders of the  Aeronautical  Operating 
Division,  Office of Advanced Research and Technology, NASA Headquarters. 
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W I N D  SHEAR AND TURBULENCE AROUND AIRPORTS 
W.  S. Lewellen  and Guy G .  Will iamson 
SUMMARY 
I n  J u n e  o f  1975,  w e  i n i t i a t e d  a r e s e a r c h  p r o g r a m  w i t h  t h e  
u l t i m a t e  g o a l  o f  d e t e r m i n i n g  t h e  f e a s i b i l i t y  o f  p r e d i c t i n g  t h e  
cond i t ions  unde r  wh ich  wind / tu rbu lence  env i ronmen t s  haza rdous  to  
a v i a t i o n   o p e r a t i o n s   e x i s t .   T h i s   r e p o r t  on t h e  f i r s t  s i x  months 
o f  t h i s  e f f o r t  i s  d i v i d e d   i n t o  two p a r t s .  The f irst  p a r t  des- 
c r i b e s  t h e  c o m p u t e r  m o d e l  u s e d  f o r  s o l v i n g  f o r  t h e  v e l o c i t y ,  
t e m p e r a t u r e ,  a n d  t u r b u l e n c e  d i s t r i b u t i o n s  i n  t h e  a t m o s p h e r i c  
boundary  layer  and  g ives  t h e  r e s u l t s  o f  a p a r a m e t r i c  a n a l y s i s  t o  
de t e rmine  the  expec ted  r ange  o f  w ind  shea r  and  tu rbu lence  to  be 
e n c o u n t e r e d   i n  t h e  v i c i n i t y  o f  a i r p o r t s .  The second   pa r t  des- 
c r i b e s  t h e  d e l i n e a t i o n  o f  a n  e n s e m b l e  o f  a i r c r a f t  a c c i d e n t s  i n  
which low-level wind shear and/or  tu rbulence  appeared  to  have  
b e e n   c a u s a t i v e   f a c t o r s .  T h i s  s e t  o f   acc iden t s ,   encompass ing  a 
w i d e  r a n g e  o f  m e t e o r o l o g i c a l  c o n d i t i o n s ,  s h o u l d  p r o v e  u s e f u l  i n  
deve lop ing  t echn iques  fo r  r econs t ruc t ing  haza rdous  wind  env i ron -  
m e n t s  f o r  a i r c r a f t  s a f e t y  i n v e s t i g a t i o n  p u r p o s e s .  
A l s o  d u r i n g  t h i s  s i x  m o n t h s ,  a n  i n v e s t i g a t i o n  o f  t h e  wind 
s h e a r  a n d  t u r b u l e n c e  c o n d i t i o n s  e x i s t i n g  a t  Kennedy I n t e r n a t i o n a l  
A i r p o r t  on t h e  a f t e r n o o n  o f  2 4  June 1975 was made. R e s u l t s   o f  
t h i s   s t u d y  a re  d e t a i l e d  i n  a s e p a r a t e   r e p o r t .  It showed t h a t  a 
wind s h e a r  o f  t h e  o r d e r  o f  15 m/sec o v e r  a 1 0 0  m a l t i t u d e  c h a n g e  
was q u i t e  c o n s i s t e n t  w i t h  t h e  m e t e o r o l o g i c a l  c o n d i t i o n s  a t  t h e  
time of  t h e  E a s t e r n  A i r l i n e s  F l i g h t  66  c r a s h .  
PART 1. PARAMETRIC ANALYSIS OF TYPICAL PROFILES 
I N  THE PLANETARY BOUNDARY LAYER 
INTRODUCTION 
Over t he  l a s t  f e w  yea r s ,  Aeronau t i ca l  Resea rch  Assoc ia t e s  o f  
P r i n c e t o n ,   I n c .  ( A . R . A . P . )  has   deve loped  a computer  model  for 
s o l v i n g  f o r  t h e  v e l o c i t y ,  t e m p e r a t u r e ,  a n d  t u r b u l e n c e  d i s t r i b u -  
t i o n s   i n   t h e   a t m o s p h e r i c   b o u n d a r y   l a y e r  ( r e f s .  1 - 5 ) .  The  model 
i s  based on  us ing  inva r i an t  mode l ing  fo r  c losu re  o f  t he  dynamic  
e q u a t i o n s  o f  t he  ensemble-averaged ,   s ing le   po in t ,   second-order  
c o r r e l a t i o n s  o f  t h e  f l u c t u a t i n g  v e l o c i t i e s  a n d  t e m p e r a t u r e .  
Details of  our  a tmospheric  boundary layer  model, as developed 
under  EPA s p o n s o r s h i p  f o r  t h e  p u r p o s e  o f  p r e d i c t i n g  t h e  d i s p e r s a l  
o f   a t m o s p h e r i c   p o l l u t a n t s ,  are  g i v e n   i n   r e f e r e n c e  5. The b a s i c  
assumption i s  tha t  t he  dependence of t h e  t h i r d - o r d e r  c o r r e l a t i o n s  
of  t h e  v e l o c i t y  f l u c t u a t i o n s  o n  t h e  s e c o n d - o r d e r  c o r r e l a t i o n s ,  t h e  
mean f l o w  p r o p e r t i e s ,  a n d  t h e i r  d e r i v a t i v e s  i s  i n v a r i a n t  w i t h  
r e s p e c t  t o  changes   i n   f l ow  geomet ry .  T h i s  p e r m i t s  data from 
r e l a t i v e l y  s i m p l e  f l o w  e x p e r i m e n t s  t o  be u s e d  i n  e v a l u a t i n g  t h e  
n e c e s s a r y  c o e f f i c i e n t s  i n  t h e  modeled terms. 
Ver i f i ca t ion  compar i sons  be tween  mode l  p red ic t ions  and  a 
v a r i e t y  o f  e x p e r i m e n t a l  o b s e r v a t i o n s  a r e  p r e s e n t e d  i n  r e f e r e n c e s  
5 - 8 .  The p r e d i c t i o n  o f  wind s h e a r  a n d  v e r t i c a l  v e l o c i t y  f l u c t u -  
a t i o n s  has b e e n  t e s t e d  a g a i n s t  o b s e r v a t i o n s  i n  t h e  s u r f a c e  layer ,  
and  agreement i s  ve ry   good   ( r e f .  7 ) .  A l s o ,   p r e d i c t i o n s  of t h e  
v e r t i c a l  v e l o c i t y  f l u c t u a t i o n s  i n  t h e  a f t e r n o o n  u n s t a b l e  mixed 
layer  a g r e e  v e r y  well  ( r e f .  8 )  w i t h  l a b o r a t o r y  s i m u l a t i o n s  o f  t h i s  
l a y e r .   T h e s e   v e r i f i c a t i o n s   h a v e   c o n v i n c e d  us  t h a t  t h e  model i s  
fundamen ta l ly   co r rec t .  However, s p e c i f i c   v e r i f i c a t i o n   o f  wind 
s h e a r  a n d  t u r b u l e n c e  p r e d i c t i o n  c a p a b i l i t i e s  i n  t h e  v i c i n i t y  o f  
a i r p o r t s  s h o u l d  b e  t e s t e d  by comparison w i t h  exper imenta l  observa-  
t i o n s  a t  a number o f  a i r p o r t s  i n  o r d e r  t o  permi t  u s  to s e t  more 
p r e c i s e   c o n f i d e n c e   l e v e l s .  T h i s  p rocess  might l e a d   t o  some 
a d j u s t m e n t s  i n  t h e  m o d e l ,  b u t  we b e l i e v e  t he  p r e s e n t  e s t i m a t e s  
r e p r e s e n t  t h e  b e s t  c u r r e n t l y  a v a i l a b l e .  
Here in  we w i l l  f i r s t  review the model  equat ions and then 
fo rmula t e  the  gove rn ing  d imens ion le s s  pa rame te r s  t o  b e  s t u d i e d .  
The d i m e n s i o n a l  v a r i a b l e s  to b e  i n v e s t i g a t e d  a r e  s u r f a c e  r o u g h -  
n e s s ,   g e o . s t r o p h i c   w i n d ,   l a t i t u d e ,   s u r f a c e   h e a t i n g ,   b a r o c l i n i c i t y ,  
r a d i a t i o n   f l u x   d i v e r g e n c e ,   a n d   g e o s t r o p h i c   a c c e l e r a t i o n s .   R e s u l t s  
of some v a r i a t i o n  i n  e a c h  o f  t h e s e  v a r i a b l e s  w i l l  b e  p r e s e n t e d .  
A l t h o u g h   i n   t h e   c o n f i n e s   o f  t h i s  b r i e f  s t u d y  i t  has not   been  
p o s s i b l e  to look a t  a l l  poss ib l e  combina t ions  o f  t h e s e  v a r i a b l e s ;  
i t  i s  p o s s i b l e  t o  g i v e  some i n d i c a t i o n  o f  p r o b a b l e  maximum wind 
s h e a r  c o n d i t i o n s  a t  a i r p o r t s .  
A s  a par t  o f  t h i s  parameter s t u d y ,  w e  h a v e  i n v e s t i g a t e d  
c o n d i t i o n s  a p p r o x i m a t i n g  t h o s e  e x i s t i n g  a t  Kennedy I n t e r n a t i o n a l  
A i r p o r t  o n  t h e  a f t e r n o o n  o f  24 June 1975 when E a s t e r n  A i r l i n e s  
F l i g h t  66 c ra shed .  The r e s u l t s   o f  t h a t  i n v e s t i g a t i o n   h a v e   b e e n  
d e t a i l e d  i n  a s e p a r a t e  r e p o r t  ( r e f .  9 ) .  
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NOMENCLATURE 
f 
GA 
g 
k 
L 
M 
R i  
Ri( ) 
Ro 
t 
U 
ug 
U 
W 
W 
w+ 
z 
z i  
Z O  
C o r i o l i s  parameter = 252 s i n  $I 
paramete r   measu r ing   geos t roph ic   acce le ra t ion ,   eq .  (19) 
g r a v i t a t i o n a l  a c c e l e r a t i o n  
von K & ? m h ' s  c o n s t a n t  = -u,/(z  au/az)o i n  t h e  n e u t r a l  
s u r f a c e  l a y e r  
Monin-Obukhov l e n g t h  = - Oou,3 /kg (x )o  
parameter measuring t h e  m a g n i t u d e  o f  b a r o c l i n i c i t y ,  
eq .  (18) 
mean p r e s s u r e  
s q u a r e  r o o t  of  t w i c e  t h e  t u r b u l e n t  k i n e t i c  e n e r g y  
t e m p e r a t u r e  s o u r c e  s t r e n g t h . d e n o t i n g  r a d i a t i o n  f l u x  
d ive rgence  o r  t empera tu re  advec t ion  
Richardson number 
bulk  Richardson  number based on t h e  tempera ture  and  
v e l o c i t y  d i f f e r e n c e  b e t w e e n  t h e  a l t i t u d e  i n d i c a t e d  i n  
( ) and t h e  s u r f a c e  
Rossby  number based on  geos t rophic  wind  condi t ions  
t ime 
mean v e l o c i t y  i n  t h e  d i r e c t i o n  o f  t he  g e o s t r o p h i c  wind 
a t  t h e  top  o f  t h e  boundary l a y e r  
U component o f  t h e  g e o s t r o p h i c   w i n d   v e l o c i t y  
f l u c t u a t i n g  v e l o c i t y  i n  t h e  d i r e c t i o n  o f  t h e  geo- 
s t r o p h i c  wind a t  t h e  top  o f  t he  boundary  layer  
s u r f a c e  shear s t ress  v e l o c i t y  
mean v e l o c i t y  p e r p e n d i c u l a r  t o  t he  g e o s t r o p h i c  wind 
d i r e c t i o n  a t  t h e  t o p  of  t h e  boundary  l aye r  
V component o f  t h e  geos t rophic   wind  
f l u c t u a t i n g  v e l o c i t y  p e r p e n d i c u l a r  t o  t h e  g e o s t r o p h i c  
wind d i r e c t i o n  a t  t h e  t o p  of t h e  boundary l a y e r  
mean v e r t i c a l  v e l o c i t y  
f l u c t u a t i n g  v e r t i c a l  v e l o c i t y  
f r e e  c o n v e c t i v e  v e l o c i t y  s c a l e  = [gzi(We),/O0l 113 
v e r t i c a l  c o o r d i n a t e  
t e m p e r a t u r e  i n v e r s i o n  he igh t  a b o v e  a n  u n s t a b l e  l a y e r  
su r face  roughness  he ight  
= Ug/fzo 
f30 
E 
0 
e 
00 
Superscript: 
Parameter defining the direction of the  geostrophic 
wind  shear, eq. (18) 
dissipation function 
mean potential temperature perturbation 
fluctuating potential temperature 
absolute  temperature  about which the perturbation  is 
taken 
model macroscale  length 
stability  parameters  defined in eqs. (16) and (17) 
latitude 
angular velocity of the  coordinate  system 
denotes  ensemble  average 
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REVIEW OF MODEL 
For homogeneous boundary conditions a t  t h e  s u r f a c e  a n d  a t  the 
t o p  of t h e  boundary l aye r ,  t h e  equa t ions  of motion for the  mean 
h o r i z o n t a l  v e l o c i t y  a n d  p e r t u r b a t i o n  p o t e n t i a l  t e m p e r a t u r e  w i t h i n  
t h e  boundary layer  may be  w r i t t e n . f o r  h i g h  R e y n o l d s  number as 
= f ( V  - vg) - E a -  a t  uw 
" av - - f ( U  - ug) - - a -  a t  az vw 
" -  a o -  a - a t  - w e  + 6  a z  
Even w i t h  t h e  energy   source   t e rm 6 p r e s c r i b e d ,  t h e  s o l u t i o n  
t h i s  s e t  o f  e q u a t i o n s  i s  n o t  d e t e r m i n e d  u n t i l  some f u n c t i o n a l  
dependences o f  t u r b u l e n t   r a n s p o r t   e r m s  uw , vw , and 5 a r e  
de te rmined .   Class ica l   methods   o f   model ing   the   p lane tary   boundary  
layer  ( r e f .  10) i nvo lve   t he   a s sumpt ion  of some type  of   eddy  viscos-  
i t y  t o  d e t e r m i n e   t u r b u l e n t   t r a n s p o r t .  Our approach i s  t o  use  t he  
R e y n o l d s  s t r e s s  e q u a t i o n s  t o  d i r e c t l y  c o m p u t e  t h e  e n s e m b l e - a v e r a g e d  
t u r b u l e n t  t r a n s p o r t  t e r m s  w i t h  i n v a r i a n t  m o d e l i n g  t e c h n i q u e s  app l i ed  
t o  c l o s e  t h e  system of e q u a t i o n s .  These e q u a t i o n s  w i t h  t h e i r  
- -
modeled  terms may b e  w r i t t e n  as  fo l lows  ( r e f .  5 ) :  
t h e  s i x  e q u a t i o n s  for t h e  i n d e p e n d e n t  R e y n o l d s  s t r e s s e s  
- au a u u  
" auu - 4 R ( G  s i n  @ - i% C O S  @ ) - 2 G  - + 0 . 3  a t  a z  
2 
- #(.v - 3 12A ( 5 )  
5 
t h e  t h r e e  e q u a t i o n s  for the  components  o f  t h e  h e a t  f l u x  v e c t o r  
6 
- ao - av 
a z  az 
" a t  ax - - 2 . s ~ ~  s i n  4 - vw - - w e  - 
t h e  e q u a t i o n  f o r  t h e  t empera tu re  va r i ance  
- 
a e  ao - 0.45q e 2  
a t  
- - 
and t h e  e q u a t i o n  f o r  t h e  t u r b u l e n t  m a c r o s c a l e  
a n  
'2 (- a z  a t  az au - av a a n  - = 0 .35  - uw -+ vw -) + 0.075s + 0 . 3  E (9n E) 
q 
These f o u r t e e n  e q u a t i o n s  a re  s o l v e d  s i m u l t a n e o u s l y  f o r  t h e  
t u r b u l e n c e  f i e l d .  The d e t a i l e d  accoun t ing   o f  t h e  modeled terms 
and t h e  c h o i c e  f o r  t h e  c o e f f i c i e n t s  are  g i v e n  i n  r e f e r e n c e s  3 and 
5. Similar modeled  equat ions a r e  be ing   used  by Wyngaard e t  a l .  
( r e f s .  11-13)  and  Mellor  and Yamada ( r e f s .  14-15) t o  compute 
a tmosphe r i c   boundary   l aye r   f l ow.  The p r i m a r y   d i f f e r e n c e s  i n  these 
models are that  t h e  m o d e l  g i v e n  i n  eqs. ( 4 )  t h rough  ( 1 4 )  has been 
developed from comparison w i t h  l a b o r a t o r y  data t o  p r e d i c t  a wider 
c lass  o f  f lows ,  ra ther  t h a n  b e i n g  s p e c i a l i z e d  t o  a p p l y  o n l y  t o  t h e  
atmospheric   boundary l a y e r  f low.  There are two r e a s o n s  for t h i s .  
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First, laboratory  flows  can, in general, be  more  carefully  speci- 
fied  and  measured. Second, the wider  the class of flows for  which 
the model is tested, the more  likely  the  model is to be  valid  for 
an untested flow situation. 
The general  boundary  conditions  applied  to  these  equations  at 
the  top of the boundary  layer are that as z -t 03 
u = ug I geostrophic  wind v =  0 
" a e  - constant  (difference  between  the  adiabatic lapse 
az rate and  the  ambient  lapse rate) 
- 
ui'j 
= u.8 = e e  = A = o - 
1 
Rather than compute all the way to the surface with these  equations, 
which  would, in general, require computing the flow around  various 
roughness elements, the  surface  boundary conditions are  applied at 
zo , the  effective  aerodynamic roughness height. At z = zo , 
u = v = o  
and  the  surface layer, Monin-Obukhov functions hold for the turbu- 
lent  correlations. 
Within the confines of this report, the  model will be 
restricted  to a one-dimensional,  unsteady  model  with  the  above 
boundary  conditions a function only of time. This sets  the  major 
limitation on  the application of the  model. As long  as  the  surface 
conditions are reasonably homogeneous, the model may  be applied  to 
any  location  just by changing  the  boundary  conditions. However, 
strong  spatial  inhomogeneities in surface  roughness or heat  flux 
will  invalidate  this  one-dimensional  model.  An  extended two- 
dimensional  version of this model is now being  used to make  calcu- 
lations  along a shoreline  for the Navy. 
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G O V E R N I N G  DIMENSIONLESS  PARAMETERS 
The f low i s  now c o m p l e t e l y  s p e c i f i e d  when i n i t i a l  c o n d i t i o n s  
on a l l  t h e  v a r i a b l e s  are s p e c i f i e d .  The d imens ion le s s   pa rame te r s  
govern ing  t h e  f low may be o b t a i n e d  by no rma l i z ing  t h e  e q u a t i o n s  
and   boundary   condi t ions .  For a c h a r a c t e r i s t i c  v e l o c i t y ,  l e t  u s  
choose Ug. Then, i f  we normal ize  a l l  l e n g t h s  by  zo and time 
by f", e q s .  (1) and ( 2 )  i n t roduce   one  parameter, a Rossby  number, 
Ro = U /zof  . When t h e  f low i s  n e u t r a l '  ( i . e . ,  8 = c o n s t a n t  
everywgere) ,  then  t h e  o n l y  o t h e r  parameter in t roduced  by the  
r e m a i n i n g   e q u a t i o n s ,  eqs. ( 4 )  - ( 9 )  and (14), i s  c o t  @ .  We w i l l  
e x p l o r e  t h e  v a r i a t i o n  r e s u l t i n g  f r o m  c h a n g e s  i n  t h e  Rossby  number 
b u t  w i l l  n o t  e x p l o r e  t h e  v a r i a t i o n  c a u s e d  b y  changing  co t  @ 
a l o n e .   S h i r  ( r e f .  1 6 )  has r e p o r t e d  t h a t  v a r y i n g   c o t  4 has a 
weak in f luence  on  t h e  c o r r e l a t i o n  d i s t r i b u t i o n s .  We bel ieve t h i s  
t o  be  t h e  case  but  have  not  made a s p e c i f i c  s t u d y  o f  t h e  s e n s i -  
t i v i t y  t o  t h i s  parameter. 
When t h e  p o t e n t i a l  t e m p e r a t u r e  i s  al lowed to v a r y   b u t  ir 
remains  zero,   one o r  more s t a b i l i t y  parameters must be i n t r o d u c e d .  
If t h e  t empera tu re  i s  normal ized  by  A0,not y e t   s p e c i f i e d ,   t h e n  
t h e  equa t ions  in t roduce  on ly  one  more parameter, a bulk  Richardson  
number, 
R i b  = gAOzb/O U 2 
o g  
For s t a b l e  c o n d i t i o n s ,  A0 may be t a k e n  as t h e  t empera tu re  d i f f e r -  
e n c e  a c r o s s  t h e  boundary l a y e r ,  while  f o r  u n s t a b l e  c o n d i t i o n s ,  i t  
would a p p e a r  r e a s o n a b l e  t o  take i t  as t h e  h e i g h t  o f  t h e  i n v e r s i o n  
l a y e r  times ( a O / a z ) m  . We w i l l  choose a bulk  Richardson number 
based on t h e  t empera tu re  and  ve loc i ty  d i f f e rences  be tween  t h e  
su r face   and  1 0  meters.  T h i s  appears   adequate  t o  c h a r a c t e r i z e  a 
q u a s i - s t e a d y   t u r b u l e n c e  f i e l d  under  s tab le  c o n d i t i o n s .  However, 
u n s t a b l e  c o n d i t i o n s  appear t o  r e q u i r e  two s t a b i l i t y  parameters 
even   unde r   quas i - s t eady   cond i t ions .  To t h e  bulk  Richardson 
number, w e  add t h e  r a t i o   o f  t h e  i n v e r s i o n  h e i g h t ,  z i  , t o  U g / f  . 
For t h i s  p u r p o s e ,   z i  i s  d e f i n e d  as t h e  a l t i t u d e   n e a r  t h e  t o p   o f  
t h e  boundary  l aye r  where t h e  t empera tu re  va r i ance  r eaches  a l o c a l  
maximum. 
This  combina t ion  o f  s t a b i l i t y  parameters i s  not unique .  
Z i l i t i n k e v i c h  ( r e f .  1 7 )  uses   two parameters 
- Po - - 2 U u*fOo 
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Further, he argues that in relatively strongly unstable boundary 
layers, the flow becomes a function of 1-1 only.  Some of our 
results will be  presented in terms of these variables. 
W h p  6 is permitted  to  represent some radiation flux diver- 
gence Qr , then another governing  parameter  exists.  One  pos?ible 
grouping for this parameter is to replace in 1 - 1 ~  with Qrzi 
to give 
This should  be a rough measure of the stability  influences on the 
turbulence resulting from radiation flux'  divergence. 
The remaining parameters  involve changes in the  boundary 
conditions.  To  investigate  geostrophic  wind shear, otherwise known 
as thermal wind, or baroclinicity, a variation in ,Ug  and V as 
a function of z is imposed as a boundary condition on the fffow. 
This requires two  parameters  to  specify  the  magnitude  and direction 
of the  geostrophic  wind  shear.  Following  Arya  and  Wyngaard  (ref. 
18), these  will be taken as 
However, we have replaced us by Ug in forming M . 
The one remaining parameter  to  be  investigated in this report 
is acceleration in the geostrophic wind.  The  most natural para- 
meter  with which to compare is the Coriolis  frequency f , i.e., 
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The approximate range of values  for the 8 parameters which 
may  be  expected in the vicinity of airports  is given in Table I. 
Sample results of the model predictions f o r  variations in these 
parameters are  given in the next  section. 
Table I. 
Range of Expected  Values of Planetary  Boundary  Layer  Parameters 
Ro 
Ri(lo) 
PO 
lJ 
I-rr 
M 
B 
GA 
10 
-0.1 
4 
- 5 0 0  
-500 
-100 
0 
0 
- 10 
l o 8  
+0.1 
+ l o o  
+ l o o  
+ l o o  
10 
2T 
+ 10 
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RESULTS OF PARAMETER VARIATION 
Rossby Number V a r i a t i o n  
P e r h a p s  t h e  s i m p l e s t  v a r i a t i o n  t o  un rave l  i s  t h a t  due t o  
Rossby   number   under   neut ra l ,   baro t ropic ,  steady-state c o n d i t i o n s .  
The Rossby  number v a r i a t i o n  may be  due t o  c h a n g e s  i n  s u r f a c e  r o u g h -  
n e s s ,   g e o s t r o p h i c   w i n d ,   a n d / o r   l a t i t u d e .   F i g u r e s  1 and 2 show t h e  
mean wind p r o f i l e s  n o r m a l i z e d  b y  t h e  geos t rophic  wind  as a f u n c t i o n  
i f / U  f o r  t h r e e   d i f f e r e n t   v a l u e s   o f  Ro . The wind  component 
p a r a b e 1  t o  t h e  g e o s t r o p h i c  wind has a small overshoot  which i s  
s l i g h t l y   a m p l i f i e d  as Ro i n c r e a s e s .  The d imens ion le s s   he igh t  a t  
which i t  occur s  i s  a l s o   r e d u c e d .  The c rosswind   pe rpend icu la r  t o  
t h e  geos t rophic  wind  a l so  i n c r e a s e s  a n d  o c c u r s  a t  a l o w e r  a l t i t u d e  
as Ro i n c r e a s e s .  
The v e r t i c a l  c o o r d i n a t e  f o r  t h e s e  p l o t s  i s  no rma l i zed  in  such  
a way t ha t  f o r  t h e  t y p i c a l  v a l u e s  o f  f = 10'4sec-1  and Ug = 1 0  m/sec, 
z may be  r e a d   d i r e c t l y   i n   m e t e r s .  For o t h e r   v a l u e s   o f  U g / f  , t h e  
p l o t  must b e  r e a d  as a d imens ion le s s  p lo t  and  t h e  a p p r o p r l a t e  
p h y s i c a l  z de te rmined .  T h i s  shows t h a t  f o r   e q u a l  Ro t h e  
neut ra l  boundary  layer  would  become t h i c k e r  as t h e  e q u a t o r  i s  
approached and/or  t h e  geos t rophic  wind  i s  i n c r e a s e d .  
The v a r i a n c e s  o'f t h e  t h r e e  v e l o c i t y  c o m p o n e n t s  a r e  shown i n  
f i g u r e s  3, 4, and 5 for t h e  same va lues  o f  Ro . The ampl i tudes  
o f   t h e s e   d i m e n s i o n l e s s   v a r i a n c e s   d e c r e a s e  as Ro i n c r e a s e s .  How- 
e v e r ,  i f  t h e  Ro i s  i n c r e a s e d  b y  i n c r e a s i n g  Ug w i t h  zo and f 
h e l d  f i x e d ,  t h e n  t h e  d i m e n s i o n a l  v a l u e  o f  t h e  v a r i a n c e  w i l l  
a c t u a l l y  i n c r e a s e .  
The macroscale  A i s  shown i n   f i g u r e  6 .  The s o l i d  cu rves  
g ive  A as p r e d i c t e d  by  eq. (14), whi le  t h e  dashed  curve  gives  
t h e   s i m p l i f i e d   a p p r o x i m a t i o n   o b t a i n e d  by h o l d i n g   t h e  s l o p e  aA/az 
f i x e d  u n t i l  a maximum v a l u e  e q u a l  t o  1 5 %  o f  t h e  s p r e a d  o f  t h e  
t u r b u l e n c e  i s  reached .  A l l  o f   t h e   d y n a m i c   r u n s   i n  t h i s  r e p o r t  w i t h  
boundary  cond i t ions 'o r  pa rame te r s  va ry ing  w i t h  t ime have been made 
us ing   eq .  (14). However, t h e  q u a s i - s t e a d y  r u n s  shown i n   f i g u r e s  1 
though 5 and   eqs .  (10) and (11) were made w i t h  t h e  s i m p l e r  a p p r o x i -  
mat ion.  We do n o t   b e l i e v e  the  d i f f e r e n c e s   m a t e r i a l l y   a f f e c t  t h e  
s e n s i t i v i t y  t o  t h e   p a r a m e t e r s  shown h e r e .  For t h e   s p e c i f i c   e x a m p l e  
o f  t he  t y p i c a l  d i u r n a l  v a r i a t i o n s ,  b o t h  f o r m u l a t i o n s  h a v e  b e e n  r u n .  
The r e s u l t s  u s i n g  e q .  ( 1 4 )  a r e  g i v e n  h e r e  a n d  t h o s e  u s i n g  t h e  s i m p l e  
a p p r o x i m a t i o n  g i v e n  i n  r e f .  6 .  
Geos t roph ic  Acce le ra t ion  
The next   parameter  t o  b e   i n v e s t i g a t e d  i s  GA t o  g e t   a n   i d e a  
o f  how impor tan t  i t  i s  t o  fo l low the  uns teady  development  o f  t h e  
boundary layer  ra ther  t h a n  c o n f i n e  a t t e n t i o n  t o  s t e a d y  c a l c u l a t i o n s .  
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Rossby Number Variation - U 
u/ u, 
F i g u r e  1. Influence  of  Rossby  number on t h e  mean wind  component 
i n  t h e  d i r e c t i o n  of t h e  g e o s t r o p h i c  w i n d  ( n o r m a l i z e d  a l t i t u d e  
c o n v e r t s  t o  z i n  km for f' = 10'4sec-1  and Ug = 1 0  m/sec) 
( R i  = M = GA = pr = 0 ) .  
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Figure  2 .  Influence  of  Rossby  number  on t h e  mean wind  component 
i n  t h e  d i r e c t i o n  n o r m a l  to t h e  geos t roph ic  wind  fo r  t h e  
c o n d i t i o n s  o f  f i g u r e  1. 
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Figure  3. I n f l u e n c e  of Rossby  number  on t h e  v a r i a n c e  o f  t h e  
v e r t i c a l  v e l o c i t y  for t he  c o n d i t i o n s  o f  f i g u r e  1. 
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Figure  4 .  In f luence   o f   Rossby  number  on t h e   v a r i a n c e  of  t h e  
v e l o c i t y  i n  t h e  d i r e c t i o n  o f  t h e  geos t rophic  wind  for t h e  
c o n d i t i o n s  o f  f i g u r e  1. 
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Figure  5.  I n f l u e n c e  o f  Rossby  number  on t h e  v a r i a n c e   o f  t h e  
v e l o c i t y  i n  t h e  d i r e c t i o n  n o r m a l  t o  t h e  geos t rophic  wind  for 
t h e  c o n d i t i o n s  o f  f i g u r e  1. 
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Figure  6 .  I n f l u e n c e   o f  Rossby number  on t h e  t u r b u l e n t   m a c r o s c a l e  
( s o l i d  c u r v e  as p r e d i c t e d  b y  E q .  ( 1 4 ) ;  dashed  curve s i m p l i f i e d  
a p p r o x i m a t i o n )  f o r  t he  c o n d i t i o n s  o f  f i g u r e  1. 
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To do this ,  we have made a r u n  where the  g e o s t r o p h i c  wind i s  
a l l o w e d  t o  v a r y  s i n u s o i d a l l y  f r o m  +10 m/sec t o  -10 m/sec over a 
pe r iod   o f  24  hour s .  T h i s  y i e l d s  a maximum value   o f  GA =: 6.4 and 
an   ave rage   va lue   o f   ze ro   ove r  the  24-hour  period. A s  shown i n  
f i g u r e  7 ,  there  i s  a s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  the  s teady-  
s t a t e  v a l u e s  o f  t u r b u l e n c e  i n t e n s i t y  a n d  t h o s e  f o r  t h e  d y n a m i c  
c a s e .  
The c h a r a c t e r i s t i c  a d j u s t m e n t  time i n  t h e  t u r b u l e n t  c o r r e l a -  
t i o n   e q u a t i o n s ,  eqs. ( 4 )  - (14), i s  p r o p o r t i o n a l   t o  A/q . Near 
t h e  s u r f a c e  where A i s  p r o p o r t i o n a l   t o  z , t h i s  c h a r a c t e r i s t i c  
time i s  small - less t h a n  a m i n u t e  f o r  t y p i c a l  c o n d i t i o n s  a t  1 0  m 
he igh t .  T h e r e f o r e ,   i n  t he  su r face   l aye . r ,   one   can   expec t  t h e  
t u r b u l e n t  c o r r e l a t i o n s  t o  be i n  e q u i l i b r i u m  w i t h  the  i n s t a n t a n e o u s  
v a l u e s   o f   t h e  mean f low  g rad ien t s .   However ,   i n   eqs .  (1) and ( 2 1 ,  
t h e  c h a r a c t e r i s t i c  time i s  f - l  w h i c h   f o r  4 5 O  l a t i t u d e  i s  o f  t he  
o rde r   o f  3 h o u r s .   T h e r e f o r e ,   v a r i a t i o n s   i n  t h e  geos t roph ic  wind 
on a time s c a l e  o f  a few hours lead t o  u n s t e a d y  e f f e c t s  i n  t h e  
v e l o c i t y   g r a d i e n t s   t h r o u g h   e q s .  (1) and ( 2 ) .  T h i s  i n  t u r n  leads 
t o  v a r i a t i o n s  i n  t h e  t u r b u l e n t  c o r r e l a t i o n s ,  as d e m o n s t r a t e d  i n  
f i g u r e  7 .  
Near t h e   t o p   o f  t h e  boundary l a y e r ,  A / q  a l s o   a p p r o a c h e s  f ” .  
Thus ,  a l though a l o c a l  e q u i l i b r i u m  a p p r o x i m a t i o n  f o r  t h e  tu rbu-  
l e n c e  i s  q u i t e  a p p r o p r i a t e  n e a r  t h e  s u r f a c e ,  i t  i s  n o t  a p p r o p r i a t e  
i n  t h e  u p p e r  l e v e l s  o f  the  boundary  layer  when the  geos t rophic  wind  
i s  changing on a t i m e  s c a l e  o f  a few hours .  
I s o l i n e s  o f  c o n s t a n t  wind  speed i n  t h e  d i r e c t i o n  o f  t h e  geo- 
s t r o p h i c  wind a r e  shown i n  f i g u r e  8.  The i s o l i n e s  a r e  n e a r l y  
symmetr ical   about  t h e  12-hour   point   where ITg = -10 m/sec. A t  
1 0  m a l t i t u d e ,  t h e  component of wind shear In t h i s  d i r e c t i o n  i s  
0 . 1 0  s e c ” ,  v e r y  c l o s e  t o  t he  s t e a d y - s t a t e  v a l u e  f o r  t h e  same 
boundary   condi t ions .  From f i g u r e  1 i t  may be   seen  t h a t  t h e  wind 
shear may be   p roper ly   normal ized  by d i v i d i n g  by f . The  dimen- 
s i o n a l  v a l u e s  q u o t e d  i n  t h i s  r e p o r t  a r e  a l l  g i v e n  f o r  f = 10-4sec-1. 
The t r a n s v e r s e   w i n d   i s o l i n e s  are shown i n  f i g u r e  9 .  The 
maximum n e g a t i v e  v a l u e  i s  sh i f t ed  t o  a p p r o x i m a t e l y  2 h o u r s  a f t e r  I 
t h e  maximum n e g a t i v e  v a l u e  o f  t h e  g e o s t r o p h i c  w i n d .  I n  s p i t e  o f ,  
t h i s ,  t h e  p l o t  t e n d s  t o  c o n f i r m  t h e  i n d i c a t i o n  o f  f i g u r e  8 t ha t  
t h e  d i f f e r e n c e s  i n  t h e  l o w - l e v e l  wind shear between the  dynamic 
a n d   s t e a d y - s t a t e   c a s e s   a r e   n o t   v e r y   s i g n i f i c a n t .  The maximum va lue  
of  t h e  v e c t o r  v e l o c i t y  shear a t  1 0  meters i s  0 . 1 0 4  s e c - ’  f o r  t he  
dynamic  case  in  compar i son  to  0 .103  s e c - l  f o r  t h e  s t e a d y - s t a t e  c a s e .  
Q u i t e  a r e d u c t i o n  i n  t h e  p e r i o d  o f  t h e  g e o s t r o p h i c ’  v a r i a t i o n  i s  
r e q u i r e d  f o r  t h i s  d i f f e r e n c e  t o  b e  s i g n i f i c a n t .  For t he  ra ther  
ex t r eme  case  o f  a 1 2 - h o u r  p e r i o d  f o r  a comple t e  cyc le ,  t h e  c o r r e s -  
ponding  va lue  of  the maximum ve loc i ty  shea r  r ema ins  r emarkab ly  
c l o s e ,  a l t h o u g h 2 t h e  he ight  o f  t he  boundary layer  as  marked b y  the 
height   where q f a l l s  t o  1 0 %  o f  i t s  maximum v a l u e  i s  reduced  from 
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Figure  7 .  T o t a l   v e l o c i t y  f l u c t u a t i o n  as a func t ion  of  Rossby  
number for s t e a d y - s t a t e  f low and  fo r  a p e r i o d i c a l l y  v a r y i n g  
geos t rophic   wind  [Ug = 1 0  m/sec c o s  ( ~ r t ( h r s ) / l 2 ) ]  
(-6.4 > GA < 6 . 4  , R1 = up = M = 0 ) .  
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Figure 8.  I s o l i n e s  o f  the  component o f  t h e  mean wind i n  the  d i r e c t i o n  o f  t h e  geostrophic  
wind f o r  a f u l l  p e r i o d  v a r i a t i o n  of Ug on an a l t i t u d e  v s .  time p l o t  
cVg = 1 0  m/sec cos ( n t ( h r s ) / l 2 ) ]  ( -6 .4  > G~ < 6.4 , Ri = = M = 0 ) .  
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Figure  9 .  I s o l i n e s  o f  t h e  component o f  t h e  mean wind i n  t h e  d i r ec t ion  no rma l  t o  the 
geostrophic  wind for t he  cond i t ions  o f  f i g u r e  8 .  
a va lue  o f  2 .0  k m  f o r  the  24-hour period t o  1 . 2  km f o r  t h e  12-hour 
p e r i o d  c a s e .  
S t a b i l i t y  V a r i a t i o n s  
Although w e  expec t  t h e  dynamics of t h e  changing boundary 
c o n d i t i o n s  t o  be impor t an t  fo r  mos t  rea l  s t a b i l i t y  v a r i a t i o n s  i n  
t h e  atmosphere,  w e  w i l l  f i r s t  c o n s i d e r  the  quas i - s t eady  case  where 
t h e  s u r f a c e  heat f l u x  i s  he ld  c o n s t a n t .   F i g u r e s  1 0  and 11 show 
t h e  wind p r o f i l e s  f o r  4 d i f f e r e n t  s t a b i l i t y  c o n d i t i o n s  w i t h  Ro 
he ld  c o n s t a n t  a t  l o 6  . When t h e  bulk   Richardson  number d e f i n e d  
by  eq. (15 )  i s  p o s i t i v e ,  t h e  f low i s  s tab le  and t h e  t u r b u l e n c e  
damped. As shown i n   f i g u r e s  1 0  and 11, R i ( $ Y )  =0.0135 produces 
a boundary l aye r  which i s  s i g n i f i c a n t l y  sma e r  t h a n  t h e  n e u t r a l  
c a s e   o f  R i ( l  ) = 0 , as shou ld  b e  e x p e c t e d   f o r  damped t u r b u l e n c e .  
Th i s  a l s o  p r o 2 u c e s  a s t r o n g e r  t r a n s v e r s e  wind  component, as  seen  
i n  f i g u r e  11. Although t h e  wind shear a t  t h e  s u r f a c e  i s  reduced 
by t h e  i n c r e a s e  i n  s t a b i l i t y ,  t h e  wind shear a s h o r t  d i s t a n c e  a b o v e  
t h e  s u r f a c e  i s  s i g n i f i c a n t l y   i n c r e a s e d .   T h u s ,   f r o m  t h e  p o i n t  of 
v iew of  t h e  w i n d  s h e a r  w h i c h  a n  a i r c r a f t  may e n c o u n t e r ,  a n  i n c r e a s e  
i n  R i ( l o )  i s  q u i t e  l i k e l y  t o  be a s s o c i a t e d  w i t h  increased wind 
shear .  
A s  o u t l i n e d  i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  spec ' i f i ca t ion  o f  
R i ( l o )  a l o n e  i s  n o t  s u f f i c i e n t  t o  d e t e r m i n e  t h e  u n s t a b l e  p r o f i l e  
( R 1 ( l Q )  < 0 )  even i n  t he  q u a s i - s t e a d y   c a s e .   F i g u r e s  1 0  and 11 show 
two  wlnd p r o f i l e s  f o r  n e a r l y  t h e  same n e g a t i v e   v a l u e   o f  R i ( 1 o )  
and  two q u i t e   d i f f e r e n t   v a l u e s   o f  t h e  i n v e r s i o n  h e i g h t .  The 
u n s t a b l e . l a y e r ,  d r i v e n  by a p o s i t i v e  s u r f a c e  heat f lux ,  mus t  be 
capped by  a s tab le ,  t e m p e r a t u r e  i n v e r s i o n  l a y e r  i f  t h e  boundary 
l a y e r  i s  t o  r e a c h  a quas i - s t eady  s t a t e .  The f i g u r e s  show tha t  i n  
a d d i t i o n  to t h e  s h e a r  l a y e r  a t  t h e  s u r f a c e ,  a shear l a y e r  i s  a l s o  
developed i n  t h e  v i c i n i t y  o f  t h e  t e m p e r a t u r e   i n v e r s i o n .  A s  may be 
n o t e d  i n  t h e  d i s c u s s i o n  o f  t h e  b o u n d a r y  c o n d i t i o n s  i n  a p r i o r  
s e c t i o n ,  z i  i s  not  a r i g i d  l i d  b u t  i s  d e f i n e d  as t h e  a l t i t u d e  a t  
which t h e  maximum v a l u e s   o f  O 2  occur  as t h e  t e m p e r a t u r e   i n v e r s i o n  
i s  a sympto t i ca l ly   app roached .   In   be tween  t h e  s u r f a c e  shear l a y e r  
and t h e  i n v e r s i o n  l a y e r ,  t h e  l a y e r  i s  r e l a t i v e l y  u n i f o r m l y  m i x e d .  
The v e r t i c a l  v e l o c i t y  v a r i a n c e  i s  shown i n  f i g u r e  1 2  f o r  the  
- 
u n s t a b l e  c a s e s  b u t  w i th  t h e  normal iza t ion  which  i s  a p p r o p r i a t e  f o r  
f r e e  convec t ion  when there  i s  no mean wind shear. The l i m i t i n g  
p r o f i l e   f o r  R i ( 1 o )  + -03 , as p r e d i c t e d  b y  our  model,  was shown 
i n  r e f e r e n c e  8 t o  agree v e r y  w e l l  w i t h  l a b o r a t o r y  s i m u l a t i o n s  o f  
t h i s  l i m i t .  F i g u r e  1 2  shows tha t  i t  d o e s   n o t   r e q u i r e  a very  nega- 
t i v e  R i ( 1 o )  t o   a p p r o a c h  t h i s  l i m i t i n g   d i s t r i b u t i o n .  The c o r r e s -  
ponding   va lues   o f  t h e  Z i l i t i n k e v i c h  parameter LI a re  a l s o   g i v e n .  
Next w e  c o n s i d e r  t h e  d i u r n a l  v a r i a t i o n s  w h i c h  may b e  expec ted  
t o  o c c u r  o n  a t y p i c a l  summer day i n  t h e  midwes tern  Uni ted  S ta tes .  
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Figure  1 0 .  I n f l u e n c e  o f  Richardson number  on t h e  quas i - s t eady  
d i s t r i b u t i o n s  o f  mean wind  component i n  t h e  d i r e c t i o n  o f  t h e  
geos t rophic   wind  (Ro = lo6 , GA = M = = 0 ) .  
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Figure 11. Influence of Richardson  number on the  quasi-steady 
distributions of mean  wind  component in the  direction  normal 
to the  geostrophic  wind for the  conditions of figure 10. 
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Figure  1 2 .  V e r t i c a l   v e l o c i t y   v a r i a n c e  for u n s t a b l e   c o n d i t i o n s  
compared w i t h  t h e  l i m i t i n g  p r o f i l e  for f r e e  convec t ion  
(GA = M = pr  = 0 ) .  
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We h a v e   p u b l i s h e d   r e s u l t s   f o r . t h i s  case  (see refs .  5 and 6 ) .  I n  
f i g u r e s   1 3   t h r o u g h  1 6 ,  t h e  i s o l i n e s   o f  U , V , q 2  , and A are 
shown f o r  a d a y ' s  c y c l e  f o r  t h e  lowes t  1 km a l t i t u d e .  The n o t a t i o n  
f o r  the i s o l i n e s  i s  g i v e n  i n  Table 11. I n  f i g u r e s  13b  and 14b, we 
a l s o  show t h e  v e r t i c a l  p r o f i l e  o f  t h e  wind  components a t  s e l e c t e d  
times to a i d  i n  v i s u a l i z i n g  t h e  c h a n g e s .   I n  t h e  p l o t s   g i v e n   p r e -  
v i o u s l y  f o r  q u a s i - s t e a d y  c o n d i t i o n s ,  i t  was p o s s i b l e  t o  p r e s e n t  re- 
s u l t s  i n  terms o f  a d imens ion le s s  h e i g h t ,  zf/Ug . However, i n  t he  
p r e s e n t  c a s e ,  s i n c e  t he  dynamics  of t h e  d i u r n a l  v a r i a t i o n  i s  i m -  
p o r t a n t  i n  d e t e r . m i n i n g  the  h e i g h t  o f  t h e  l a y e r  a t  any given time, 
t h i s  nond imens iona l i za t ion  i s  n o   l o n g e r   v a l i d .  The r e s u l t s  o f  a l l  
r u n s  i n v o l v i n g  t r u e  time v a r i a t i o n s  i n  h o u r s  w i l l  b e  g i v e n  i n  terms 
o f  a l t i t u d e  i n  meters.  For th i s  r u n ,  the  geostrophic   wind was he ld  
c o n s t a n t  a t  U = 1 0  m/sec, t h e  u p p e r   l e v e l   t e m p e r a t u r e   g r a d i e n t  
was he ld  c o n s t g n t  a t  (a€J /az )  Io3 = 3OC/km, t he  su r face   roughness  
c o n s t a n t  a t  zo = .01 m , and t h e  s u r f a c e  heat f l u x  was a l l o w e d   t o  
f o l l o w   a n   e x p e r i m e n t a l l y   o b s e r v e d   d i s t r i b u t i o n  ( r e f .  1 9 ) .  Between 
s u n s e t  a n d  s u n r i s e ,  t h e  heat  f l u x  i s  a . n e g a t i v e  c o n s t a n t  
(-0.025"C  m/sec)  and  between  approximately 8:oo A.M. and 8:OO P.M., 
t h e  heat  f l u x  i s  p o s i t i v e  a n d  n e a r l y  f o l l o w s  a s i n e  wave w i t h  a 
maximum of  0.25OC m/sec.  Over t h e  24-hour  cycle,  t h e r e  i s  a n e t  
p o s i t i v e  heat f l u x  t o  t h e  atmosphere  which  must b e  removed ( i n  
s i m u l a t i o n  o f  l ong  wave r a d i a t i o n )  i n  o r d e r  t o  a c h i e v e  a p e r i o d i c  
s o l u t i o n  w i t h  no   long- te rm  hea t ing   of  t h e  boundaTy, layer .   In  t h e  
p r e s e n t   r u n ,  t h i s  was accomplished b y  assuming Qr d i s t r i b u t e d  
uni formly  over  t h e  n i g h t  h o u r s  w i t h  t h e  fo l lowing  a s sumed  ve r t i ca l  
d i s t r i b u t i o n :  
F i g u r e s  13 and 1 4  show t h e  wind shear t o  be a maximum i n  t h e  e a r l y  
morning  hours when t h e  t u r b u l e n c e ,  as shown i n  f i g u r e  1 5 ,  i s  a 
minimum. There i s  a l o w - l e v e l   n o c t u r a l  j e t  which  exceeds the  
geostrophic   wind  by 1 4 %  a t  a l i t t l e  above 1 0 0  m a l t i t u d e .  The 
wind a t  t h i s  time drops from 1 1 . 4  m/sec to 3 m/sec a t  1 0  m a l t i t u d e  
a t  t he  same time t h e  p r i n c i p a l  wind d i r e c t i o n  i s  s h i f t i n g  by 
40 degrees.  
A l o w e r   s c a l e   o n  t h e  q 2  p l o t  ( f i g .  1 5 )  i n d i c a t e s  t he  v a l u e  
of  t h e  f i rs t  Z i l i t i n k e v i c h  parameter po as a f u n c t i o n   o f  t ime. 
It i s  r e a d i l y   o b s e r v e d  t h a t  t h e  v a l u e s   o f  .q2 o c c u r r i n g  when 
po = 0 i n  t h e  morning are  q u i t e  d i f f e r e n t  f r o m  t h o s e  o c c u r r i n g  
f o r  po = 0 i n  t h e  evening .  
F i g u r e  1 6  shows t h e  i s o l i n e s  o f  t h e  t u r b u l e n t   m a c r o s c a l e  A .  
Near t h e  ground, A i n c r e a s e s   n e a r l y   p r o p o r t i o n a l l y   t o   a l t i t u d e ,  
e x c e p t  i n  t h e  n o c t u r a l  h o u r s  when t h e  larger  t u r b u l e n t  eddies  are 
p r e f e r e n t i a l l y  damped. Th i s  f o r c e s  t he  t u r b u l e n t   s c a l e  t o  be less 
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Figure  l3a.  I s o l i n e s  o f  t h e  component o f  t he  mean wind i n  t h e  d i r e c t i o n  o f  t he  
geos t rophic  wind  for  a s t a n d a r d  summer day in  midwestern United S ta tes  
(Ro = lo7 , M = GA = 0 ) .  
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Figure  l 3 b .  V e r t i c a l   d i s t r i b u t i o n s  o f  u t a k e n  a t  s e l e c t  times 
f r o m  f i g u r e  13a. 
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Figure  14a. I s o l i n e s  o f  t h e  component o f  t h e  mean wind i n  t h e  d i r ec t ion  no rma l  t o  the 
geostrophic  wind for t h e  c o n d i t i o n s  o f  f i g u r e  1 3 .  
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Figure  14b. The v e r t i c a l   d i s t r i b u t i o n s  o f  v taken a t  s e l e c t   t i m e s  from f i g u r e  14a. 
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Figure 16. I s o l i n e s   o f  t u r b u l e n c e   m a c r o s c a l e  A f o r  t he  cond i t ions   o f   f i gu re  13. 
a t  t h e  same a l t i t u d e  t h a n  it i s  d u r i n g  t h e  daytime hours  and i s  
r e f l e c t e d  i n  f i g u r e  1 6  as a r i s e  i n  the  i s o l i n e s  d u r i n g  the  noc tu r -  
n a l   h o u r s .  At m o d e r a t e   a l t i t u d e s ,  t he  s c a l e   r e m a i n s   r e l a t i v e l y  
l a r g e  e v e n  d u r i n g  the  ear ly  morning  hours.  However, as noted  f rom 
f i g u r e  15 ,  t h i s  i s  a s s o c i a t e d  w i t h  v e r y  l o w  i n t e n s i t y  t u r b u l e n c e .  
So the  f low i s  ve ry  nea r ly  l amina r  even  though  t h e  s c a l e  o f  what 
tu rbu lence  r ema ins  i s  l a r g e .  
Very l i t t l e  d i f f e r e n c e  i s  observed i f  o n l y  t h e  u p p e r - l e v e l  
t e m p e r a t u r e   g r a d i e n t  i s  changed. A r u n  was made wi th  c o n d i t i o n s  
i d e n t i c a l  t o  t h e  p r e c e d i n g  r u n  w i t h  t h e  e x c e p t i o n  o f  ( a e / a z ) l m  
changed f rom 3OC/km to t h e  i s o t h e r m a l   v a l u e  o f  9.87OC/km.  The 
r e s u l t i n g  w i n d  a n d  t u r b u l e n c e  d i s t r i b u t i o n s  showed no s i g n i f i c a n t  
d i f f e r e n c e s   f r o m   t h o s e   g i v e n   i n   f i g u r e s   1 3   t h r o u g h  1 6 .  Even t h e  
v a l u e  o f  t h e  h e i g h t  o f  t h e  u p p e r - l e v e l  i n v e r s i o n  w h i c h  was achieved  
when t h e  f l o w  became p e r i o d i c  was s u r p r i s i n g l y  c l o s e  to t h a t  of t he  
p rev ious  run .  
F igu res  1 7  through 20 show t h e  v a r i a t i o n  c a u s e d  i n  t h e  d i u r n a l  
f l u c t u a t i o n s  i f  t h e  a f t e r n o o n  p o s i t i v e  heat f l u x  i s  r e d u c e d  i n  
a d d i t i o n  to i n c r e a s i n g  t h e  u p p e r - l e v e l  l a p s e  r a t e .  For t h i s  r u n ,  
t h e  s u r f a c e  h e a t  f l u x  was t a k e n  as e x a c t l y  s y m m e t r i c a l  i n  t i m e  s o  
there  i s  no  need f o r  a r a d i a t i o n  f l u x  d i v e r g e n c e  t e r m  to make t h e  
b o u n d a r y   l a y e r   p e r i o d i c .  We s p e c i f i e d  w e l o  = . 0 2 5  s i n ( 1 ~ / 1 2 ) ( t - 8  
h rs )  and zo = 0 . 1  m. Also  t he  u p p e r - l e v e l   p o t e n t i a l   t e m p e r a t u r e  
g r a d i e n t  i s  increased  f rom 3 O C / k m  to t he  i so the rma l  va lue  o f  
9.8T°C/km. O t h e r   c o n d i t i o n s   a r e   t h e  same as f o r   f i g u r e s   1 3   t h r o u g h  
1 6 .  I n  b o t h  c a s e s ,  t h e  f low i s  p e r m i t t e d  t o  r u n  t h r o u g h  t h r e e  
c o m p l e t e  c y c l e s  t o  e l i m i n a t e  a n y  i n f l u e n c e  o f  t h e  i n i t i a l  c o n d i -  
t i o n s .  The t h i r d  c y c l e   a p p e a r s   q u i t e   c l o s e  t o  pe r iod ic   and  i s  t h e  
r e s u l t  shown. 
There i s  c o n s i d e r a b l y  l e s s  t i m e  v a r i a t i o n  i n  t h e  t u r b u l e n c e  
l e v e l  shown i n  f i g u r e  1 9 .  There i s  n e i t h e r   s u f f i c i e n t   h e a t i n g   i n  
t h e  a f t e r n o o n  to f o r c e  t h e  l a r g e  b a l l o o n i n g  o f  t h e  t u r b u l e n c e  
i n t e n s i t y  t o  h i g h e r  l e v e l s  s e e n  i n  f i g u r e  1 5  n o r  s u f f i c i e n t  c o o l i n g  
a t  n i g h t  t o  s t r o n g l y  damp t h e   t u r b u l e n c e .  However, a s   s e e n   i n  
f i g u r e s  1 7  and 1 8 ,  t h e  wind d i s t r i b u t i o n  i s  m a r k e d l y  d i f f e r e n t  f r o m  
e i t h e r  t h e  s t a n d a r d  d a y  v a r i a t i o n  o f  f i g u r e s  13 and 1 4  or t h e  
n e u t r a l ,   s t e a d y - s t a t e   p r o f i l e s   o f   f i g u r e s  1 and 2 .  The low- leve l  
n o c t u r n a l  j e t  i s  a c t u a l l y  i n c r e a s e d  to 1 3 . 1  m/sec  and  occurs a t  a 
somewhat h i g h e r  a l t i t u d e ,  as seen  b y  compar ing  f igures  13  and  1 7 .  
This  i s  an  example  of how d i f f i c u l t  i t  i s  t o  t r a c k  t h r o u g h  a l l  t h e  
n o n l i n e a r i t i e s  i n  t h e  e q u a t i o n s  a n d  a n t i c i p a t e  t h e  r e s u l t s  o f  some 
p a r t i c u l a r  c h a n g e .  
The m a c r o s c a l e  i n  f i g u r e  2 0  i s  reduced  throughout  t h e  day t o  
a value which i s  e v e n  l e s s  t h a n  tha t  f o r  a s t e a d y - s t a t e ,  n e u t r a l  
boundary   l ayer .  T h i s  may be a r e s u l t   o f   t h e   i m p o s e d   t e m p e r a t u r e  
invers ion   which  was i n i t i a l l y  s ta r ted  a t  1 0 0  m a l t i t u d e .  I n  t h e  
s t a n d a r d  day r u n  ( f i g s .  1 3 - 1 6 ) ,  t h e  t e m p e r a t u r e  i n v e r s i o n  was 
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Figure   17a .   I so l ines  o f  u for a reduced  symmetr ical ,   per iodic ,   heat   f lux  and  an 
increased upper- level  temperature  gradient  (Ro = lo6 , M = GA = 0.). 
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F igu re  l 7 b .  V e r t i c a l   d i s t r i b u t i o n s   o f  u t a k e n  a t  s e l e c t  
times f r o m  f i g u r e  17a. 
36 
V/UG CONTOURS 
MIDNIGHT 
LOCAL TIME, HRS 
Figure 18a. Isolines of v f o r  the c o n d i t i o n s  o f  f i g u r e  1 7 .  
MIDNIGHT 
W 
03 
V/UG PROFILE 
V I  UG 
Figure  1811. V e r t i c a l   d i s t r i b u t i o n s   o f  v t aken  a t  s e l e c t  times f rom  f igure  18a. 
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Figure  2 0 .  I so l ines   o f   t u rbu lence   macrosca le  A f o r  t h e  c o n d i t i o n s  o f  f i g u r e  1 7 .  
raised by t h e  t u r b u l e n c e   t o   a p p r o x i m a t e l y  3 km. The reduced 
s u r f a c e  heat f l u x  o f  t h e  p resen t  ca se  on ly  pushes  t h e  i n v e r s i o n  
t o  a p p r o x i m a t e l y  500 m a l t i t u d e .  T h i s  i s  much less  t h a n  the  he ight  
of  the n e u t r a l ,  steady-state boundary layers shown i n  f i g u r e s  11 
through 1 6 .  It appears t o  p e r m i t  t h e  n a t u r a l  i n e r t i a l  o s c i l l a t i o n s  
t o  p l a y  a m o r e  i m p o r t a n t  r o l e ,  p a r t i c u l a r l y  i n  t h e  t r a n s v e r s e  w i n d  
component V . 
I n f l u e n c e  o f  B a r o c l i n i c i t y  
The approximat ion  o f  h o r i z o n t a l ,  spa t i a l  inhomogeneity i s  
s e l d o m   c o m p l e t e l y   r e a l i z e d   i n  t h e  atmosphere.  One e f f e c t   w h i c h  
perhaps  i s  most  of ten  encountered  i s  t h a t  o f  h o r i z o n t a l  t e m p e r a t u r e  
g r a d i e n t s .   F o r t u n a t e l y ,  th i s  e f f e c t   c a n  be i n c o r p o r a t e d   w i t h i n  the 
one-dimensional model b y  p e r m i t t i n g  t h e  p r e s s u r e  g r a d i e n t ,  repre- 
s e n t e d  i n  e q s .  (1) and ( 2 )  i n  terms o f  g e o s t r o p h i c  v e l o c i t i e s , t o  v a r y  
w i t h  a l t i t u d e .  T h i s  "thermal w i n d "   v a r i a t i o n   i n  t he  g e o s t r o p h i c  
wind  can  be  ob ta ined  d i r ec t ly  f rom the  geos t roph ic  ba l ance  by 
d i f f e r e n t i a t i n g  a n d  u s i n g  t h e  e q u a t i o n  o f  s t a t e  
w i t h  x i n   t h e   d i r e c t i o n   o f  U a t  the top   o f   t he   boundary   l aye r .  
If t empera tu re  advec t ion  i s  t o  g e  i n c l u d e d  i n  t h e  e n e r g y  e q u a t i o n ,  
t h e n  t h e  s o u r c e  t e r m  i n  eq. ( 3 )  shou ld  inc lude  a term of the  form 
We w i l l  c o n s i d e r  t h e  d i r e c t  e f f e c t  o f  t h e  geos t rophic  wind  
shear i n  t h e  momentum e q u a t i o n  separately from t h e  e f f e c t  o f  temp- 
e r a t u r e   a d v e c t i o n .   F i g u r e s  2 1  th rough 24 show t h e  r e s u l t s  f o r  
M = 1 . 2 5  . To i n c l u d e  b o t h  t h e  dynamics  and t h e  i n f l u e n c e   o f  
d i f f e r e n t   v a l u e s  o f  6, , w e  have  a l lowed 6, to vary  f rom 0 t o  
  IT and   back   t o  0 i n  a p e r i o d  of 1 2  hour s .  The magni tude   cor res -  
ponds t o  a ho r i zon ta l  t empera tu re  change  o f  3 O C  i n  1 0 0  km which 
appea r s  as a no t  uncommon v a l u e  i n  n a t u r e .  The t i m e  v a r i a t i o n  
c o r r e s p o n d s  t o  a r e l a t i v e l y  f a s t  moving  temperature  anomaly,  such 
as a thunders torm a t  a d i s t ance .   Aga in ,  t h e  f low was p e r m i t t e d  t o  
become r e l a t i v e l y  p e r i o d i c  by a l l o w i n g  3 f u l l  p e r i o d s  o f  v a r i a t i o n  
b e f o r e  t h e  r e s u l t s  shown i n  t h e  f i g u r e s  were recorded .   For  t h i s  
f irst  set  o f  f i g u r e s ,  t h e  t e m p e r a t u r e  i s  uniform  between t h e  s u r f a c e  
a n d  t h e  i n v e r s i o n  l a y e r  a t  approximate ly  1 2 5 0  m a l t i t u d e .  
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The maximum U v e l o c i t y ,  13 .5  d s e c ,   o c c u r s   a p p r o x i m a t e l y  
3 h o u r s  a f t e r  t h e  thermal wind i s  d i r e c t e d  i n  the  d i r e c t i o n  o f  t h e  
geos t rophic   wind  ( B o  = 0 ) .  But 3 h o u r s  a f t e r  t h e  thermal wind i s  
n e x t   d i r e c t e d   i n  t he  same d i r e c t i o n  ( B  =   IT), U i s  n e a r  a 
minimum. Actua l ly ,   f rom  eqs .  (1) and 9 2 )  we see that t h e  U 
v e l o c i t y   r e s p o n d s   t o   v a r i a t i o n s   i n  Vg a n d ,   s i n c e  aV / az  f o l l o w s  
s i n  B t  , t h i s  c o n t r i b u t e s  a p o s i t i v e  p r e s s u r e  g r a d i e n f  i n  e q .  (1) 
between 0 < Bo < IT and a n e g a t i v e   p r e s s u r e   g r a d i e n t   b e t w e e n  
IT < Bo < 2m . Thus i t  i s  c o n s i s t e n t   f o r  a maximum t o   o c c u r   i n  U 
when Bo passes   th rough IT as i t  i s  i n c r e a s e d   a n d   f o r  a minimum 
t o   c c u r   i n  U when f3, passes   t h rough  IT as i t  i s  d e c r e a s e d .  
T h i s  p a r t i c u l a r  t i m e  v a r i a t i o n  o f  d r i v i n g  c o n d i t i o n s  i s  n o t  
e x p e c t e d  t o  o c c u r  l o n g  e n o u g h  i n  n a t u r e  t o  make t h e  r e a l  f l o w  
p e r i o d i c ,  b u t  i t  does  demonst ra te  how impor t an t  t h e  time h i s t o r y  
o f  t he  f low i s  i n  d e t e r m i n i n g  t h e  r e s p o n s e  o f  t h e  f low t o  i n s t a n -  
t a n e o u s  v a l u e s  o f  t h e  d r i v i n g  c o n d i t i o n s .  
The maximum v a l u e   o f  V , 7 m/sec ,   occurs   near   the   10-hour  
mark a f t e r   t h e   c o m b i n a t i o n   o f  a r e l a t i v e  minimum i n  U and a 
maximum i n  Ug has produced a f a v o r a b l e   p r e s s u r e   g r a d i e n t   ( s e e  
eq.  ( 2 ) )  f o r  a pe r iod   o f   t ime .   The re  i s  a r e g i o n  o f  s l i g h t l y  
n e g a t i v e  V (approx .  -1 m/sec)  between 1000 m and 1 2 5 0  m a l t i t u d e  
which  does  not show i n  f i g u r e  2 2 .  The t u r b u l e n c e   i s o l i n e s   i n  
f i g u r e  23 show no s t r o n g  v a r i a t i o n  o v e r  t h e  p e r i o d .  N e i t h e r  do 
t h e   i s o l i n e s  f o r  A i n  f i g u r e  2 4 ,  a l t h o u g h   t h e r e  i s  a s l i g h t  maxi -  
mum o c c u r r i n g   i n  A n e a r   t h e   t i m e  t h a t  V has i t s  l o c a l  maximum. 
The maximum wind shear a t  or above 1 0  m a l t i t u d e  computed by 
t a k i n g   t h e   s q u a r e   r o o t   o f   t h e  sum of  t h e   s q u a r e s   o f  aU/az  and 
aV/az g i v e s  a v a l u e  of 0 . 1 4  sec"  , somewhat l e s s   t h a n   t h e  maximum 
va lue  ( 0 . 1 8  s e c - l )  t ha t  o c c u r s  i n  t h e  t y p i c a l  day  c a l c u l a t i o n s  o f  
f i g u r e s   1 3   a n d  1 4 .  However, i n  t h i s  c a s e   t h e   s h e a r   o c c u r s   o v e r  a 
somewhat w i d e r   a l t i t u d e   r a n g e .   P e r h a p s   t h e  more i m p o r t a n t   d i f f e r -  
ence i s  t h a t  i n  t h e  e a r l i e r  f i g u r e s  t h e  s t r o n g  l o c a l  s t a b i l i t y  
caused by  s u r f a c e  c o o l i n g  was the dominant  mechanism while ,  in  t h e  
p r e s e n t  c a s e ,  t h e r e  i s  a n e u t r a l ,  v e r t i c a l  t e m p e r a t u r e  v a r i a t i o n  
i n  t h e  r e g i o n  of maximum shear.  T h i s  s u g g e s t s  two d i f f e r e n t  ways 
i n  which  the  wind  shear  may b e  i n c r e a s e d :  e i t h e r  by  i n c r e a s i n g  
t h e  h o r i z o n t a l  wind g r a d i e n t s  t o  i n c r e a s e  t he  d r iv ing  the rma l  winds  
or by app ly ing  a v e r t i c a l  t e m p e r a t u r e  g r a d i e n t  w h i c h  i n c r e a s e s  t h e  
s t a b i l i t y  o f  t h e  f l o w  unde r  the  same d r i v i n g  p r e s s u r e  g r a d i e n t s .  
F igu res  25 through 28 show t h e  r e s u l t s  o f  t a k i n g  t h e  same 
c o n d i t i o n s  as t h o s e  f o r  f i g u r e s  21 th rough 2 4  and  changing  only  the  
u p p e r - l e v e l   l a p s e   r a t e   f r o m  3'C/km t o  6Oc/km. As seen  by comparing 
f i g u r e s  2 1  and 2 5 ,  t h e  maximum U v e l o c i t y  i s  i n c r e a s e d   t o  1 6 . 6  
m/sec f rom 13.6  m/sec.  Also f r o m   f i g u r e s  22  and 2 6 ,  t h e  maximum V 
i s  increased   f rom 7 t o  1 0  m/sec.  However, t h e  r e s u l t i n g  maximum 
s h e a r  s t i l l  o c c u r s  n e a r  the  s u r f a c e  w i t h  t h e  v a l u e  a t  1 0  m a l t i t u d e  
unchanged a t  0 . 1 4  sec" .  
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Figure  28 .  I s o l i n e s  o f  t u rbu lence  macroscale A f o r  t h e  c o n d i t i o n s  o f  f i g u r e  25. 
If, i n s t e a d  o f  i n c r e a s i n g  t h e  s t a b i l i t y ,  t he  magnitude of  the  
d r i v i n g  thermal wind i s  inc reased  an  o rde r  o f  magn i tude  co r re s -  
ponding to 3OC i n  1 0  km ( M  = 10) b u t  o t h e r  c o n d i t i o n s  r e m a i n  t h e  
same as i n  f i g u r e s  21 t h rough  2 4 ,  t h e  maximum v e l o c i t y  i n  t h e  U 
d i r e c t i o n  i s  i n c r e a s e d  t o  2 5 . 4  m/sec  and tha t  i n  t h e  t r a n s v e r s e  
d i r e c t i o n  t o  2 4 . 6  m/sec  while t he  t u r b u l e n c e   q 2   i n c r e a s e s   t o  
12 .5   (m/sec)2 .  The maximum wind shear f o r  t h i s  c a s e   i n   i n c r e a s e d  
to 0.33 s e c - l .  The maximum v e l o c i t i e s  a s s o c i a t e d  w i t h  t h i s  c a s e  
are  c l o s e  to t h e  maximum g u s t  v e l o c i t i e s  t y p i c a l l y  a s s o c i a t e d  wi th  
t h e  passage   of   thunders torms .  It might b e  a n t i c i p a t e d  that  t h e  
maximum v e l o c i t i e s  a n d  a l s o  t h e  wind shear  could be f u r t h e r  
i n c r e a s e d  by a p p l y i n g  s t a b l e ,  v e r t i c a l  t e m p e r a t u r e  g r a d i e n t s  to 
t h i s  c a s e .  However, t h e  large l e v e l s   o f   t u r b u l e n c e   a s s o c i a t e d  
w i t h  t h i s  c a s e  t e n d  t o  r a p i d l y  mix a n y  v e r t i c a l  t e m p e r a t u r e  grad- 
i e n t s   b e f o r e  t h e y  s i g n i f i c a n t l y  damp the   t u rbu lence .   Thus ,   on ly  
q u i t e  m o d e s t  f u r t h e r  i n c r e a s e s  i n  maximum v e l o c i t i e s  a n d  maximum 
wind s h e a r  a r e  a c h i e v e d  by  impos ing  any  r easonab le  ve r t i ca l  
thermal   boundary  condi t ions  on t h i s  p rob lem  o f   ve ry   l a rge  M . 
The i n f l u e n c e  o f  t empera tu re  advec t ion  i s  c l o s e l y  a s s o c i a t e d  
w i t h  t h e  s t a b i l i z i n g  e f f e c t  o f  t h e  v e r t i c a l  t h e r m a l  b o u n d a r y  l a y e r  
c o n d i t i o n s .  The compute r   run   a s soc ia t ed  w i t h  f i g u r e s  25 through 
28 was r e r u n  w i t h  tempera ture   advec t ion   added .  No o ther   changes  
were made i n  t h e  i n p u t  c o n d i t i o n s .  The m a j o r  d i f f e r e n c e  i n  t h e  
computed r e s u l t s  i s  t h a t  t h e  a d v e c t i o n  d e s t r o y s  the p e r i o d i c i t y  o f  
t h e  o u t p u t .  Due t o  t h e  n o n l i n e a r i t y   i n   t h e   s o u r c e   t e r m ,   e q .  ( 2 2 1 ,  
t h e r e  i s  a n e t   e n e r g y   s i n k .  So t h e r e  i s  c o n t i n u e d   c o o l i n g   i n   t h e  
mixed l aye r  b e t w e e n   t h e   s u r f a c e   a n d   t h e   i n v e r s i o n   l a y e r .   F i g u r e s  
29a  and 29b show t h e  d i f f e r e n c e  i n  t h e  wind and temperature mean 
p r o f i l e s . t w o  c o m p l e t e  p e r i o d s  a f t e r  t h e  r u n  i s  s t a r t e d  w i t h  t h e  
same i n i t i a l   c o n d i t i o n s .  1 2  h o u r s   l a t e r ,   r u n  1 6  would a g a i n  
p r e d i c t  t h e  same p r o f i l e s ,  b u t  r u n  17 would  have a f u r t h e r  
dec reased  mixed  l aye r  t empera tu re  and  an  even  s t ronge r  shea r  l a y e r  
i n  t h e  n e i g h b o r h o o d  o f  300  m a l t i t u d e .  
The r e s u l t s  o f  o u r  r u n s  show tha t  t h e  i n f l u e n c e  o f  b a r o c l i n i -  
c i t y  i s  s t r o n g l y  a f f e c t e d  by t h e  t i m e  h i s t o r y  o f  i t s  development 
on t h e  t i m e  s c a l e  o v e r  w h i c h  i t  i s  l i k e l y  to o c c u r  i n  n a t u r e .  
Thus, i n  any  a t tempt  to s i m u l a t e  c o n d i t i o n s  i n  t h e  b a r o c l i n i c  
a tmospher ic  boundary  layer  a t  a g iven  t ime  and  p l ace ,  i t  i s  neces- 
sary t o  t r a c e  t h e  development  of  the  boundary l aye r  f o r  some t ime 
p r e c e d i n g   t h e   d e s i r e d  time. I n   t h e   c a s e   o f   o u r   a t t e m p t  ( r e f .  9 )  
t o  s i m u l a t e  t h e  c o n d i t i o n s  a t  JFK a i r p o r t  a t  t h e  time o f  t h e  
E a s t e r n  A i r l i n e s  c r a s h  i n  J u n e  1 9 7 5 ,  w e  s ta r ted  t h e  s i m u l a t i o n  
1 6  h o u r s   i n   a d v a n c e   o f  t h e  d e s i r e d   t i m e .  The d e t a i l e d  d i s t r i b u t i o n  
p r e d i c t e d  a n d  p r e s e n t e d  i n  r e f e r e n c e  9 w i l l  no t  b e  r e p e a t e d  h e r e .  
The gene ra l  conc lus ion  was that a wind shif t  o f  t he  o rde r  o f  
15 m/sec within a 1 0 0  m a l t i t u d e  c h a n g e  was c o n s i s t e n t  w i t h  t h e  
m e t e o r o l o g i c a l  c o n d i t i o n s  l e a d i n g  up to and a t  t h e  time of t h e  
c r a s h .  Shear of  t h i s  same order   o f   magni tude  i s  g i v e n  i n  s e v e r a l  
f i g u r e s  o f  th i s  r e p o r t ,  b u t  t h e  wind s h i f t  over any 1 0 0  m a l t i t u d e  
change i s  less .  
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F i g u r e  29a. In f luence   o f   t empera tu re   advec t ion   on  t h e  p r o f i l e s  o f  
f i g u r e s  25 and 26 a t  a s e t  t ime,  2 4  hour s ,  a f t e r  i n i t i a l i z a t i o n  
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( a )  mean wind components. 
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F i g u r e  29b. I n f l u e n c e  o f  t empera tu re   advec t ion  on t h e  p r o f i l e s  o f  
f i g u r e s  25 and 26 a t  a set  t ime,  2 4  hour s ,  a f t e r  i n i t i a l i z a t i o n  
o f  t h e  run  (Run 1 6  wi thou t  advec t ion  and  Run 1 7  w i t h  a d v e c t i o n ) ;  
( b )  p o t e n t i a l  t e m p e r a t u r e  d i s t r i b u t i o n .  
5 3  
Radia t ion  F lux  Divergence  
The d i s t r i b u t i o n s  o f  wind  and  turbulence  may be  s t r o n g l y  
a f f e c t e d  by t h e  d i r e c t  e n e r g y  s o u r c e  or s i n k  w i t h i n  t he  boundary 
l a y e r  by  t h e r m a l   r a d i a t i o n   f l u x   d i v e r g e n c e .  Th i s  has already been 
i n d i r e c t l y  d e m o n s t r a t e d  by t h e  i n f l u e n c e  of t he  upper- level  temper-  
a t u r e  g r a d i e n t  o n  some of t h e  p r e v i o u s  s o l u t i o n s ,  s i n c e  r a d i a t i o n  
i s  i m p o r t a n t  i n  m a i n t a i n i n g  th i s  s t a b l e  u p p e r - l e v e l  t e m p e r a t u r e  
g r a d i e n t .  Here w e  would l i k e  t o  c a r r y  t h i s  a s t ep  f u r t h e r  i n  
demons t r a t ing  that  under  some c o n d i t i o n s  r a d i a t i o n  f l u x  d i v e r g e n c e  
c a n  g o v e r n  t h e  d i u r n a l  c y c l e .  
I n  p l a c e s  w h e r e  t h e  e a r t h ’ s  s u r f a c e  has a ve ry  h igh  h e a t  
c a p a c i t y ,  t h e  s u r f a c e  t e m p e r a t u r e  may be t a k e n  as e s s e n t i a l l y  
c o n s t a n t   o v e r   t i m e   p e r i o d s   o f  t h e  o r d e r   o f  a d a y .   T h i s  i s  t h e   c a s e  
f o r   t h e   o c e a n .  Under t h e   c o n d i t i o n s   o f  a cons t an t   su r f ace   t empera -  
t u r e ,  a n y  thermal d i u r n a l  v a r i a t i o n s  w i l l  b e  d r i v e n  b y  t h e  d i r e c t  
ene rgy  abso rp t ion  or emission from t h e  g a s  i n  t h e  b o u n d a r y  l a y e r .  
F igu res  30 through 33  s imula te  such  a p o s s i b l e  d i u r n a l  v a r i a t i o n ,  
For t h i s  case ,  t he  geos t roph ic  wind  was ma in ta ined  cons t an t  a t  a 
t y p i c a l   v a l u e   o f  1 0  m/sec. The u p p e r - l e v e l   p o t e n t i a l   t e m p e r a t u r e  
g r a d i e n t  was main ta ined  a t  3OC/km, t h e  aerodynamic  surface  rough-  
n e s s  was se t  a t  0 . 1 0  m,  a n d  t h e  s u r f a c e  t e m p e r a t u r e  he ld  f i x e d .  
A r a d i a t i o n  s o u r c e  t e r m  o f  t h e  f o r m  
was assumed. T h i s  i s  t h e   t y p e   o f   r a d i a t i o n   f l u x   d i v e r g e n c e   w h i c h  
might be  e x p e c t e d  i n  a boundary  l aye r  w i t h  a r e l a t i v e l y  s t r o n g  
d e c r e a s e   i n   w a t e r   v a p o r  w i t h  a l t i t u d e .  The p e r i o d i c  v a r i a t i o n  w i t h  
t ime was aga in  chosen  t o  e l i m i n a t e  i n i t i a l  c o n d i t i o n  d e p e n d e n c y .  
The r e s u l t i n g  g r a v i t a t i o n a l  i n s t a b i l i t y  i n  t h e  v i c i n i t y  o f  t h e  
t o p  o f  t h e  h e a t e d  l a y e r  f o r c e s  t h i s  bound.ary layer  t o  b e  r e l a t i v e l y  
t h i c k   ( a p p r o x .  1 . 8  km). We have  only shown t h e   l o w e s t  1 km i n  
f i g u r e s  30 through  33.  The t u r b u l e n c e   i n t e n s i t y   p l o t  ( f i g .  3 2 )  i s  
q u i t e  s i m i l a r  t o  t h a t  f o r  t h e  t y p i c a l  m i d w e s t e r n  summer day  ( f i g .  
1 5 ) .  Although t h e  s t a b i l i t y  i n  the  s u r f a c e   l a y e r  i s  1 2  hours   ou t  
of phase w i t h  r e s p e c t  t o  t h e  e a r l i e r  r u n  ( i . e . ,  t he  n i g h t  time 
s u r f a c e  layer  i s  u n s t a b l e  w h i l e  t h e  day  t i m e  s u r f a c e  l a y e r  i s  
s t a b l e ) ,  t h e  maximum t u r b u l e n c e  i n t e n s i t y  i s  dominated more by t h e  
s t a b i l i t y  i n  t h e  uppe r  r eg ions  o f  t he  boundary  layer  which  fo l lows  
t h e  same time  dependence as t h a t  f o r  f i g u r e  1 5 .  T h i s  uppe r   r eg ion  
s t a b i l i t y  a l s o  d o m i n a t e s  t h e  t u r b u l e n t  s c a l e  v a r i a t i o n  i n  f i g u r e  33. 
The maximum U wind  component o c c u r s   i n   t h e   a f t e r n o o n ,   w h i l e  
t h e  maximum V component  occurs i n   t h e   l a t e   m o r n i n g .  The maximum 
wind shear   above 1 0  m a l t i t u d e  i s  0 . 1 2  s e c - l ,  o c c u r r i n g  a t  approxi -  
mately 15  hours .  
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Figure  33. I s o l i n e s  o f  turbulence  macroscale  A f o r  t he  cond i t ions  o f  f i g u r e  30. 
CONCLUDING REMARKS 
We have not  attempted t o  p r e d i c t  r e s u l t s  f o r  a l l  p o s s i b l e  
combina t ions   o f  t h e  govern ing  parameters. I n  f a c t ,  we have shown 
tha t  even i f  t h i s  were done i t  would not exhaust t h e  p o s s i b i l i t i e s  
f o r  wind  and  turbulence  prof i les  which  might e x i s t ,  d u e  t o  the 
impor tance   o f  t h e  t ime h i s t o r y  o f  t h e  governing  parameters .   Even 
w i t h i n  t h e  l i m i t a t i o n s  o f  our one-dimensional   approximation,  t h e r e  
i s  indeed  a r i ch  a s so r tmen t  o f  poss ib l e  wind  and  tu rbu lence  p ro -  
f i l e s .  What we have shown here  i s  a sampling  of  t h e  p o s s i b i l i t i e s  
w i t h  some i n d i c a t i o n  o f  t h e  i n f l u e n c e  o f  t h e  gove rn ing  pa rame te r s .  
A p a r t i a l  summary o f  t h e  t u r b u l e n c e  i n t e n s i t y  f o r  d i f f e r e n t  
c o n d i t i o n s  is shown i n  f i g u r e  34. Refer t o  T a b l e  111 f o r  t h e  key 
t o  t h e  d i f f e r e n t   c o n d f t i o n s .  The t u r b u l e n c e  i s  normalized b y  t h e  
maximum wind ve loc i ty  be tween  t h e  ground and 1 km a n d  p l o t t e d  as 
a f u n c t i o n   o f  s t a b i l i t y .  A s  i n d i c a t e d  i n  t h e  p r e v i o u s   s e c t i o n ,  i t  
i s  n o t  p o s s i b l e  t o  r e d u c e  t h e  d e t a i l e d  i n f l u e n c e s  o f  s t a b i l i t y  t o  
a s i n g l e  parameter. But f o r   p u r p o s e s   o f   i n d i c a t i n g   o n l y  t h e  rough 
dependence  of s t a b i l i t y ,  we have chosen a s i n g l e  parameter which 
does p a r t i a l l y  combine t h e  i n f l u e n c e  o f  t h e  s u r f a c e  heat f l u x  
w h i c h  c o n t r o l s  s t a b i l i t y  i n  t h e  s u r f a c e  layer  and the  i n f l u e n c e  of 
t h e  uppe r - l eve l  po ten t i a l  t empera tu re  g rad ien t  wh ich  in f luences  
t h e  e l e v a t i o n  o f  t h e  i n v e r s i o n  l a y e r  which  caps t h e  boundary l a y e r .  
T h i s  parameter i s  a bulk Richardson number based on t h e  v e l o c i t y  
a n d   p o t e n t i a l   t e m p e r a t u r e   d i f f e r e n c e s   b e t w e e n  t h e  su r face   and  1 km. 
The h y s t e r e s i s  loops p r e s e n t e d  f o r  t h e  d i f f e r e n t  p e r i o d i c  c y c l e s  
c o n s i d e r e d   i n d i c a t e  t h e  t y p e  o f  s c a t t e r  t o  be e x p e c t e d   i n  a t -  
t e m p t i n g   t o   p r e d i c t  t h e  f l u c t u a t i o n s  i n  t h i s  manner. As t h e  bu lk  
Richardson  number  approaches -OD , t h e  c o n d i t i o n s  for f r ee  con- 
v e c t i o n ,  t h e  normal ized  q w i l l  approach m . On t h e  s t ab le  s i d e ,  
i n c r e a s i n g  R i ( l o o 0 )  t e n d s   t o  d e c r e a s e   t h e   n o r m a l i z e d  q whether 
t h e  i n c r e a s e  i n  s t a b i l i t y  i s  caused b y  i n c r e a s e d  s u r f a c e  c o o l i n g  or 
a d e c r e a s e  i n  t h e  u p p e r - l e v e l  i n v e r s i o n  h e i g h t .  
A similar rough summary o f  t h e  maximum wind shear  occurr ing  a t  
or above 1 0  m a l t i t u d e  i n  t h e  boundary l a y e r  i s  g i v e n  i n  f i g u r e  3 5 .  
There i s  a f a i r l y  c o n s i s t e n t  t r e n d  o f  i n c r e a s i n g  s h e a r  w i t h  i n -  
c r e a s i n g  s t a b i l i t y ,  a l t hough  t h e r e  i s  a r e l a t i v e l y  s t r o n g  i n f l u e n c e  
o f  thermal wind  which  tends  to  mask t h i s  t r e n d  t o  some e x t e n t .  
The n o r m a l i z a t i o n   o f  q by t h e  maximum v e l o c i t y   w i t h i n  t h e  l a y e r  
t ends  to  rough ly  compensa te  for t h e  thermal w i n d  i n f l u e n c e  i n  
f i g u r e  34. O f  cou r se ,  t h e  w i n d   s h e a r   i n  a p r o f i l e  a t  a g iven  time 
cannot  be c h a r a c t e r i z e d  by a s i n g l e  number. The a c t u a l   c h a n g e s   i n  
a i r speed  w h i c h  a n  a i r c r a f t  w i l l  encoun te r  w i l l  a l so  depend  on t h e  
v e r t i c a l  d e p t h  over  which t h i s  la rge  shear e x i s t s .  T h i s  must b e  
de te rmined   by   looking  a t  t h e  de t a i l ed  p r o f i l e s .  F i g u r e  35 does 
i n d i c a t e  t h e  r o u g h  r u l e  o f  thumb t h a t  as e i t h e r  h o r i z o n t a l  temper- 
a t u r e  g r a d i e n t s  i n c r e a s e  or v e r t i c a l  s t a b l e  t e m p e r a t u r e  g r a d i e n t s  
i nc rease ,  p rob lems  w i t h  wind shear may be e x p e c t e d  t o  i n c r e a s e .  
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F i g u r e  34. Summary p l o t  o f   n o . r m a l i z e d   t o t a l   v e l o c i t y   f l u c t u -  
a t i o n  as a f u n c t i o n  o f  t h e  bulk  Richardson  number  between 
t h e  s u r f a c e  and 1 km a l t i t u d e .  
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F i g u r e  35. Summary p l o t  o f  maximum wind shear a t  o r  above 1 0  m 
a l t i t u d e  as a f u n c t i o n  o f  t h e  b u l k  R i c h a r d s o n  n u m b e r  b e t w e e n  
t h e  s u r f a c e  a n d  1 k m  a l t i t u d e .  
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I n  g e n e r a l ,  t h e  wind shear d e c r e a s e s  w i t h  a l t i t u d e  i n  t h e  
lower   por t ion   o f  t he  boundary layer .  T h i s  i s  shown i n  f i g u r e  36 
to   supp lemen t  t h e  summary i n f o r m a t i o n   i n   f i g u r e  35. The s o l i d  
cu rve  shows t h e  d i s t r i b u t i o n  o f  w i n d  s h e a r  w i t h  a l t i t u d e  f o r  t h e  
n e u t r a l ,   b a r o t r o p i c   d i s t r i b u t i o n   o f   f i g u r e  1. The bars r e p r e s e n t  
t h e  c h a n g e  i n  wind shear caused by two  o rde r s  o f  magni tude change 
i n  Ro. The dashed   cu rves   r ep resen t  the  bounds i n  t h e  v a r i a t i o n  o f  
wind shear caused by expec ted   va lues   o f  R i .  I n   g e n e r a l ,   i n c r e a s -  
i n g  R i  w i l l  t e n d  t o  i n c r e a s e  w i n d  shear, as s e e n  i n  t h e  p r e v i o u s  
f i g u r e ,  b u t  t h e  minimum wind shear  need not c o i n c i d e  w i t h  t h e  
minimum R i  due to h y s t e r e s i s  e f f e c t s .  B a r o c l i n i c i t y  a l s o  w i l l ,  i n  
gene ra l ,   i nc rease   w ind   shea r .  It i s  n o t   p o s s i b l e   t o   c o r r e l a t e   t h e  
v a r i a t i o n s  i n d i c a t e d  i n  f i g u r e  36 w i t h  t ime  of day.   Nocturna l  
hour s  do t e n d  t o  b e  more s t a b l e  ( R i  > 0 )  and  a f t e rnoon  hour s  more 
u n s t a b l e  ( R i  < O), b u t  t h e  b a r o c l i n i c i t y  i s  a s s o c i a t e d  w i t h  
c h a n g i n g   w e a t h e r   a n d   d o e s   n o t   c o r r e l a t e  w i t h  t ime  of  d a y .  A 
companion  curve l i k e  f i g u r e  36 f o r  t h e  t u r b u l e n c e  i n t e n s i t y  as a 
f u n c t i o n  o f  a l t i t u d e  would b e  too m i s l e a d i n g ,  s i n c e  t h e r e  i s  no 
c o n s i s t e n t  t r e n d  o f  t u r b u l e n c e  i n t e n s i t y  w i t h  a l t i t u d e  o v e r  p a r a -  
me te r   space .   Under   s t ab le   cond i t ions ,  t h e  t u r b u l e n c e  w i l l  
d e c r e a s e ,  as s e e n  i n  t h e  ea r ly  morn ing  hour s  o f  f igu re  1 5 ,  w i t h  
a l t i t u d e ,  b u t  f o r  u n s t a b l e  c o n d i t i o n s  a t  low l e v e l s ,  i t  w i l l  
i n c r e a s e  s t r o n g l y  w i t h  a l t i t u d e ,  a s  s e e n  i n  t h e  a f t e rnoon  hour s  o f  
t h e  same f i g u r e .  
Many c a s e s  i n  n a t u r e  w h e r e  w i n d  s h e a r  a n d  t u r b u l e n c e  are  a 
p r o b l e m  t o  a v i a t i o n  a r e  f u r t h e r  c o m p l i c a t e d  by t h e  added dimension- 
a l i t y  o f   t h e  phenomena. For example, a s t rong   downdra f t  may be 
a s s o c i a t e d  w i t h  flow  from a thunders torm.  To i n c l u d e  t h e  e f f e c t   o f  
s u c h  v e r t i c a l  v e l o c i t i e s ,  it i s  necessa ry  t o  a t  l e a s t  ex tend  ou r  
problem to a two-dimensional,   unsteady  program. T h i s  has been  done 
d u r i n g  t h e  t i m e  p e r i o d  o f  t h i s  c o n t r a c t  u n d e r  s e p a r a t e  EPA and Navy 
c o n t r a c t s .  T h i s  opens up t h e   p o s s i b i l i t y   o f   p r e d i c t i n g   t h e  wind. 
s h e a r  a s s o c i a t e d  w i t h  s t r o n g  l o c a l  c o l d  f r o n t s ,  b u t  t h i s  i s  beyond 
t h e  scope o f  t h e  p r e s e n t  i n v e s t i g a t i o n .  
We b e l i e v e  t h e r e  a r e  two tasks remaining t o  be accomplished 
i n  o u r  e f f o r t  t o  d e t e r m i n e  t h e  f e a s i b i l i t y  o f  p r e d i c t i n g  t h e  g e n e r a l  
me teo ro log ica l  cond i t ions  wh ich  l ead  to  wind  shear and  tu rbu lence  
c o n d i t i o n s  most h a z a r d o u s  f o r   a i r c r a f t   t a k e o f f s   a n d   l a n d i n g s .  One 
i s  a d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  e n s e m b l e  o f  a i r c r a f t  a c c i d e n t s  
i d e n t i f i e d  i n  P a r t  2 of t h i s  r epor t  and ,  s econd ,  a d e t a i l e d  p r o g r a m  
of  comparison w i t h  turbulence and wind p r o f i l e s  r eco rded  by  a i r p o r t  
i n s t r u m e n t a t i o n  f o r  t h e  p u r p o s e  o f  d e t e r m i n i n g  t h e  accuracy  of  our  
mode l   p red ic t ions .  T h i s  combina t ion   of   looking  a t  cases   which  have 
proven to b e  a p r o b l e m  i n  t h e  p a s t ,  t o g e t h e r  w i t h  a c a r e f u l  d e l i n e -  
a t i o n  o f  t h e  e r r o r  i n v o l v e d  i n  o u r  p r e d i c t i o n s  by a d d i t i o n a l  
comparisons w i t h  f i e l d  o b s e r v a t i o n s ,  w i l l  a l l ow us  to de te rmine  the  
f e a s i b i l i t y   o f   p r e d i c t i n g   d a n g e r o u s   s i t u a t i o n s   i n   a d v a n c e .  We 
b e l i e v e  t ha t  a n  i n t e r a c t i o n  b e t w e e n  o u r  m o d e l i n g  e f f o r t s  a n d  t h e  
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F i g u r e  36. Summary p l o t  of  wind  shear as a f u n c t i o n  o f  a l t i t u d e  s h o w i n g  the  i n f l u e n c e  
o f  t he  expec ted  range  o f  v a r i a t i o n s  i n  R Q ,  R i  and M. 
measurements  program  also  would be of  benefit  to  the  measurements 
program by indicating  possible  modes  for  organizing  the  data. 
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TABLE I1 
NOTATION FOR ISOLINE PLOTS 
(For Figs. 8-9, 13-28, and 30-33) 
- 0 . 9  - 0 . 2  0 1 . 0  
- 0 . 6  -0.1 0 . 1  1 0 . 0  
- 0 . 3  0 . 0 5  1 . 0  2 0 . 0  
+0.1 0 . 1  1 . 5  5 0 . 0  
0 . 3  0 . 2  2 . 0  7 5 . 0  
0 . 6  0 . 3  2 . 5  100. 
0.9  0.4 3 .0  2 0 0 .  
1.2 0 . 6  4.0 3 0 0 .  
1 . 5  0 .9  400.  
.c- 95% of maximum  value -
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TABLE I11 
KEY FOR SUMMARY PLOTS (FIGS. 34 AND 35) 
For the  conditions corresponding to figures 13 - 16 
For the  conditions corresponding to  figures 1 7  - 20 
For the  conditions  corresponding  to figures 3 0  - 33 
For the  conditions  corresponding  to  figures  21 - 24 
For the  conditions corresponding to figures 21 - 24  but 
Mo increased  from  1.25 to 10 
For the  conditions  corresponding  to figures 25 - 28 
Neutral  steady  state (Ro = lo5, Ri = 0) 
Neutral  steady  state  (Ro = 10 , Ri = 0) 
Neutral  steady  state (Ro = l o 7 ,  Ri = 0) 
Stable atmosphere (Ro = 10 , Ri = 0.014) 
Stable atmosphere (Ro = 10 , Ri(lo) = 0.0036) 
Stable atmosphere (Ro = l o 7 ,  Ri(lo) = 0.047) 
Unstable atmosphere (Ro = 10 =-0.0128, zif/G = 0.21 
Unstable atmosphere (Ro = l o 7 ,  Ri =-0.035, zif/u = 0.16 
For  conditions  simulating JFK weather at the  time of EA Flight 
66 crash  (fig. 15, ref. 9 )  
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W I N D  SHEAR AND TURBULENCE AROUND AIRPORTS 
PART 2 .  SELECTION OF AN ENSEMBLE  OF  AIRCRAFT  ACCIDENTS 
FOR WHICH W I N D  SHEAR OR TURBULENCE APPEARED TO 
BE A CONTRIBUTING FACTOR 
W. S .  Lewellen  and Guy G .  Will iamson 
INTRODUCTION 
T h i s  p a r t  o f  t h e  s t u d y  i s  a n  i n v e s t i g a t i o n  o f  a s e t  of 
acc iden t s  where  wind  shea r  and /o r  t u rbu lence  were s i g n i f i c a n t  
f a c t o r s .  The s t u d y  was c o n d u c t e d   i n   o r d e r   t o   s e l e c t   c a s e s   w h i c h  
can  be used t o  e v a l u a t e  t h e  f e a s i b i l i t y  o f  p r e d i c t i n g  when t h e s e  
weather c o n d i t i o n s  w i l l  b e  h a z a r d o u s  t o  a i r c r a f t  o p e r a t i o n .  
It i s  well  known t h a t  w ind  shea r  and  gus t s  i nc rease  the  
d i f f i c u l t y  o f  a i r c r a f t  o p e r a t i o n ,  p a r t i c u l a r l y  d u r i n g  l a n d i n g  a n d  
t a k e o f f  ( r e f .  2 0 ) .  Gusts  or r a p i d   c h a n g e s   i n  t h e  wind v e c t o r  as 
a f u n c t i o n  o f  t i m e  p r o d u c e  u n d e s i r a b l e  a i r c r a f t  a c c e l e r a t i o n s  
which  must be  compensated  for  b y  c o n t r o l  i n p u t s ,  t h u s  i n c r e a s i n g  
t h e  p i l o t ' s  w o r k l o a d .  Wind s h e a r  or c h a n g e s   i n  t h e  wind v e c t o r  
as  a f u n c t i o n  o f  s p a t i a l  l o c a t i o n  p r o d u c e  similar r e s u l t s .  If t h e  
c h a n g e - i n  w i n d  v e c t o r  i s  small or occur s  s lowly ,  i t  does  not  
s i g n i f i c a n t l y   a f f e c t   a i r c r a f t   o p e r a t i o n .  However, r a p i d   l a r g e  
changes  can  cause  c ra shes ,  r ega rd le s s  o f  what t h e  p i l o t  a n d / o r  
a u t o m a t i c   c o n t r o l s   d o .  It i s  t h e r e f o r e   d e s i r a b l e   t o  know 
a )  what  magni tude  of  wind  shear  and  turbulence  pose  threa ts  
b) when a n d  w h e r e  s u c h  t h r e a t s  e x i s t .  
t o  a i r c r a f t  s a f e t y ,  a n d  
Answers t o  t h e  f i r s t  p a r t  o f  t h e  ques t ion  have  been  based on p a s t  
o p e r a t i n g   r e c o r d s   a n d   s i m u l a t o r   s t u d i e s .  The s o l u t i o n  t o  t he  
s e c o n d  p a r t  r e q u i r e s  d i r e c t  m e a s u r e m e n t  o f  t h e s e  v a r i a b l e s  or 
r e l i a b l e  p r e d i c t i o n s  o f  t h e i r  l i k e l y  e x i s t e n c e .  
Measurement o f  these  v a r i a b l e s  t h r o u g h o u t  the  landing  and  
t a k e o f f  s p a c e  r e q u i r e s  e l a b o r a t e ,  e x p e n s i v e  e q u i p m e n t  a n d  it i s  no t  
c o n s i d e r e d  f eas ib l e  f o r  many a i r p o r t s  a t  t he  p r e s e n t  t ime.  On t h e  
o ther  hand ,  t h e  r e l i a b i l i t y  o f  p r e d i c t i n g  these  condi t ions  must  
s t i l l  be  shown. 
One s t e p  i n  e v a l u a t i n g  a p r e d i c t i v e  t e c h n i q u e  i s  t o  compare 
i t s  r e s u l t s  w i t h  known w e a t h e r  c o n d i t i o n s  which probably caused a 
r e a l  a i r c r a f t   a c c i d e n t .  If t h e  t e c h n i q u e  c a n  p r e d i c t  w e a t h e r  
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c o n d i t i o n s  similar t o  t h o s e  a t  the  time o f  the a c c i d e n t ,  t h e n  it 
can  conce ivab ly  be  u s e d  t o  w a r n  a i r c r a f t  o p e r a t i o n s  p e r s o n n e l  o f  
impending  unsafe  f l i g h t  c o n d i t i o n s .  I n  o r d e r  t o  per form th i s  
e v a l u a t i o n ,  it i s  n e c e s s a r y  t o  s e l e c t  a number o f  r ea l  a c c i d e n t  
c a s e s  f o r  u s e  i n  t h e  comparison.  
Turbulence and/or  wind shear a re  a s s o c i a t e d  w i t h  s e v e r a l  
d i f f e r e n t  weather c o n d i t i o n s .  An obv ious   haza rdous  weather condi -  
t i o n  i s  i n  t h e  v i c i n i t y  o f  t h u n d e r s t o r m s .  Here o n e   e x p e c t s   s t r o n g  
tu rbu lence ,   ho r i zon ta l   w ind  shear, and   downdra f t s .  A n o t  so  
o b v i o u s  c o n d i t i o n  i s  when v e r y  s tab le  t e m p e r a t u r e  g r a d i e n t s  p r e v a i l  
and high s h e a r s   a n d   l o w   t u r b u l e n c e   a r e   p o s s i b l e .  T h i s  t y p e  o f  
c o n d i t i o n  c a n  a l s o  h a v e  f o g  a s s o c i a t e d  w i t h  i t .  The combina t ion   of  
low v i s i b i l i t y  d u e  t o  f o g  a n d  u n e x p e c t e d  w i n d  s h e a r  c a n  g i v e  r i s e  
t o  a i r c r a f t  a c c i d e n t s  i n  w h i c h  t h e  wind shear f a c t o r  g o e s  u n n o t i c e d .  
T h e s e  s t a b l e  c o n d i t i o n s  c a n  a l s o  o c c u r  d u r i n g  t h e  passage o f  a c o l d  
f r o n t  w i th  t h e  c o l d  a i r  s l i p p i n g  u n d e r  t h e  e x i s t i n g  w a r m  a i r  mass. 
A t h i r d  c o n d i t i o n  o f  i n t e r e s t  o c c u r s  when a s t rong  wind  coFd i t ion  i s  
combined w i t h  a s i z a b l e   c h a n g e   i n   s u r f a c e   r o u g h n e s s .  T h i s  combina- 
t i o n ,  as e x e m p l i f i e d  by a s e a  breeze p a s s i n g  o v e r  a h i l l y  i s l a n d ,  
c a n ' p r o d u c e  h a z a r d o u s  g u s t y  c o n d i t i o n s .  
The s e l e c t i o n  o f  a c c i d e n t s  f o r  f u t u r e  s t u d y  has been conducted 
w i t h  a n  e y e  t o w a r d s  o b t a i n i n g  c a s e s  r e p r e s e n t a t i v e  o f  a number  of 
d i f f e r e n t   c o n d i t i o n s .   S u c h  a s tudy  would permi t  a ca t a logue   o f  
hazardous  weather c o n d i t i o n s  t o  b e  c o n s t r u c t e d  w i t h  t h e  c o m p l e t e  
m o d e l  d e s c r i p t i o n  o f  t h e  detailed.  p r o f i l e s  o f  wind magnitude and 
d i r e c t i o n  a n d  e n s e m b l e - a v e r a g e d ,  t u r b u l e n t  f l u c t u a t i o n s  f o r  e a c h  
c a s e .  The s e l e c t i o n   p r o c e s s  i s  f u r t h e r   d e s c r i b e d   a n d  t h e  r e s u l t i n g  
c a s e s  l i s t e d  i n  t h e  f o l l o w i n g  s e c t i o n .  
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SELECTING ACCIDENT CASES 
The s t a r t i n g  p o i n t  f o r  t h e  s e l e c t i o n  of a c c i d e n t  c a s e s  was 
t h e  N a t i o n a l  T r a n s p o r t a t i o n  S a f e t y  B o a r d  (NTSB) a i r c r a f t  a c c i d e n t  
data s t o r e d  on  magnetic tape.  A d e s c r i p t i o n  o f  e a c h  a c c i d e n t  i s  
gene ra t ed  and  s to red  in  coded  fo rm as s p e c i f i e d  i n  r e f e r e n c e  21 .  
The i m p o r t a n t  c h a r a c t e r i s t i c s  o f  t h e  a c c i d e n t s  for this  s tudy  are 
1. Opera t iona l   phase  o f  f l i g h t  
2 .  Type of  a c c i d e n t  
3 .   Probable   causes   of   acci .dent  
( l a n d i n g ,   t a k e o f f ,   c l i m b o u t ,   e t c . )  
( s t a l l ,  s p i n ,  hard l a n d i n g ,   c o l l i s i o n ,   e t c . )  
(weather, p i l o t ,  t e r r a i n ,  e t c . )  
S i n c e  t h e  s tudy  i s  concerned w i t h  low a l t i t u d e  wind shear and  turb-  
u l ence ,  t he  ope ra t iona l  phases  were  l i m i t e d  t o  t a k e o f f ,  l a n d i n g ,  
and missed approach.  S i m i l a r l y ,  t h e  t y p e s  of a c c i d e n t s   w h i c h   a r e  
l i k e l y  t o  b e  c a u s e d  by t h e s e  w e a t h e r  c o n d i t i o n s  a r e  hard l a n d i n g ,  
c o l l i s i o n  w i t h  g round  obs t ac l e s ,  ove r shoo t ,  unde r shoo t ,  and  s t a l l .  
F i n a l l y ,  t h e  p r o b a b l e  c a u s e s  or f a c t o r s  i n v o l v e d  i n  t h e  a c c i d e n t s  
a r e   p a r t i c u l a r   w e a t h e r   c o n d i t i o n s   a n d   p i l o t   e r r o r .   A c c i d e n t s  d-ue 
t o  c e r t a i n  p i l o t  e r r o r s  h a v e  b e e n  i n c l u d e d  b e c a u s e  ( a )  p i l o t  e r r o r s  
themselves  could b e  induced by wind shear  and turbulence,  or ( b )  
t h e  e f f e c t s  o f  wind   shear   could  b e  m i s t a k e n  f o r  p i l o t  e r r o r .  The 
a b o v e - m e n t i o n e d  a c c i d e n t  c h a r a c t e r i s t i c s  a r e  s u m m a r i z e d  i n  T a b l e  
I V .  Note tha t  "wind  shear" i s  n o t  a codeab le   cause / f ac to r ,  so 
o t h e r  p o s s i b l y  r e l a t e d  c a u s e  f a c t o r s  must  be  used. 
The NTSB a i r c r a f t  a c c i d e n t  data bank was q u e r i e d  f o r  t h e  time 
p e r i o d  1970-1974. The s e a r c h  was done i n  s e v e r a l  p a r t s  w i t h  some 
a c c i d e n t s  a p p e a r i n g  i n  more than   one  p a r t .  A d j u s t i n g   t o   a p p r o x i -  
m a t e l y  remove t h e  r e d u n d a n c y  f r o m  t h e  a c c i d e n t  c o u n t  r e s u l t s  i n  
1 1 6 0  acc iden t s  i n  wh ich  wind  shea r  or t u r b u l e n c e  may be  invo lved .  
Obviously,  t h i s  l a r g e  number o f  a c c i d e n t s  s h o u l d  b e  f u r t h e r  
s c r e e n e d  i n  o r d e r  t o  o b t a i n  a more s e l e c t  s e t  f o r  f u r t h e r  s t u d y .  
The n e x t  c u t  was based on  the  fo l lowing  obse rva t ions :  
1. The s t r o n g e r  t h e  wind shear or t u r b u l e n c e ,  t h e  g r e a t e r  
t h e  a i r c r a f t  u p s e t  a n d ,  t h e r e f o r e ,  s e r i o u s n e s s  o f  t h e  
a c c i d e n t .  
2 .  The a c c i d e n t  data f i l e s   f o r   c o m m e r c i a l   a c c i d e n t s   a r e  
more comprehensive than those for  noncommercial  ones.  
Therefore ,   noncommerc ia l   acc idents  l i s t e d  as less  t h a n  s e r i o u s  
were, w i th  a few e x c e p t i o n s ,   d e l e t e d   f r o m  the  c a n d i d a t e  l i s t .  The 
excep t ions  are cases  where e i t h e r  t h e  t e r r a i n  or weather  condi-  
t i o n s  made them p a r t i c u l a r l y  i n t e r e s t i n g .  This  l e f t  47 t a k e o f f s  
and 85 l a n d i n g s ,  a t o t a l  o f  1 3 2  c a n d i d a t e  a c c i d e n t s .  
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TABLE I V .  
Cause /Fac tors ,   Type  of A c c i d e n t ,  a n d  O p e r a t i o n a l  Phases 
where Wind Shear  and/or  Turbulence  Could  Have  Cont r ibu ted  
to t h e  A i r c r a f t  A c c i d e n t  
Cause /Fac to r s  
Sudden wind shi,”ts 
Unfavorab le  wind  cond i t ions  
D o w n d r a f t s ,   u p d r a f t s  
I m p r o p e r  c o m p e n s a t i o n  f o r  w i n d  c o n d i t i o n s  
Fog 
T h u n d e r s t o r m  a c t i v i t y  
Clear a i r  t u r b u l e n c e  
F a i l e d  to m a i n t a i n  f l y i n g  speed 
M i s j u d g e d   d i s t a n c e ,  speed, a l t i t u d e  
D e l a y e d  i n i t i a t i n g  g o - a r o u n d  
F a i l e d  to i n i t i a t e  g o - a r o u n d  
C o n t i n u e d  f l i g h t  i n t o  known area o f  s e v e r e  t u r b u l e n c e  
L o s t / d i s o r i e n t e d  
Misused f l a p s  
S p o n t a n e o u s  i m p r o p e r  a c t i o n  
F a i l e d  to m a i n t a i n  d i r e c t i o n a l  c o n t r o l  
V o r t e x  t u r b u l e n c e  
Type o f  Accident  
Hard l a n d i n g  
C o l l i s i o n  w i t h  ground - c o n t r o l l e d  
C o l l i s i o n  w i t h  ground - 
C o l l i s i o n  w i t h  o b s t r u c t i o n s  
Overshoot  
Undershoot 
S t a l l  
S t a l l  - s p i n  
S t a l l  - sp i r a l  
S t a l l  - mush 
Turbu lence  
U n c o n t r o l l e d  a l t i t u d e  d e v i a t i o n  
u n c o n t r o l l e d  
O p e r a t i o n a l  Phase 
Landing - f i n a l  VFR 
Landing - f i n a l  IFR 
Landing  - i n i t i a l  
Landing  - l e v e l   o f f / t o u c h d o w n  
Landing  - go-around 
Landing - missed approach  
Takeof f  - i n i t i a l  c l i m b  
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The n e x t  c u t  f r o m  t h i s  l i s t  was made on t h e  basis of  t h e  
c o m p l e x i t y   o f   m o d e l i n g   t h e   l o c a l   w e a t h e r   c o n d i t i o n s .   I n   p a r t i c u l a r ,  
noncommerc ia l  acc iden t s  occur r ing  in  areas w h e r e  t h e r e  a r e  g r o s s  
c h a n g e s  i n  t h e  f e a t u r e s  o f  t h e  t e r r a i n  or occur r ing  wi th in  thunde r -  
s torms were e x c l u d e d   d u e   t o   m o d e l i n g   d i f f i c u l t i e s .  T h i s  l e f t  53 
a c c i d e n t s  t o  be  s t u d i e d  i n  more d e t a i l .  
The f i l e s  f o r  4 0  of t hese  acc iden t s  were  r ev iewed  a t  t h e  
O f f i c e  o f  P u b l i c  I n q u i r i e s  i n  W a s h i n g t o n ,  a n d  1 8  cases  were  se l ec t ed  
for f u r t h e r   s t u d y .  The o the r s   were   exc luded  p r i m a r i l y  due t o  
complex t e r r a i n  a n d  c r o s s w i n d  e f f e c t s  as opposed t o  wind shear and 
t u r b u l e n c e .   I n   a d d i t i o n ,   a c c i d e n t s   i n v o l v i n g   p i l o t s  wi th  less t h a n  
1 0 0 0  t o t a l  h o u r s  a n d  less  t h a n  1 0 0  h o u r s  i n  t h a t  t y p e  o f  a i r c r a f t  
w e r e  e x c l u d e d  i n  o r d e r  t o  r e d u c e  t h e  p r o b a b i l i t y  t ha t  p i l o t  inex-  
p e r i e n c e  was a cause .  It i s  a n t i c i p a t e d  t ha t  a few  of  the  remain- 
i n g  a c c i d e n t s  w i l l  be  e l imina ted  on  the  basis o f  f u r t h e r  r e v i e w .  
For a c c i d e n t s  o c c u r r i n g  t o  s c h e d u l e d  f l i g h t s ,  t h e  f i l e  c a n  r u n  
seve ra l  hundred  pages  and  usua l ly  con ta ins  a l l  t h e  d a t a  n e c e s s a r y  
f o r   l o c a l   w e a t h e r   a n a l y s i s .  However, t h e   v a s t   m a j o r i t y  o f  t h e  
acc idents  occur  on  nonscheduled  f l i g h t s  a n d  t h e  f i l e s  a s s o c i a t e d  
w i t h  t h e s e  a r e  u s u a l l y  j u s t  a few pages .  F o r  f u r t h e r   s t u d y   o f  
t h e s e  c a s e s ,  i t  w i l l  be  necessary  t o  o b t a i n  t h e  a p p r o p r i a t e  
weather   da ta   f rom t h e  N a t i o n a l   W e a t h e r   S e r v i c e .   T e r r a i n   d a t a   i n  
t h e  v i c i n i t y  o f  some o f  t h e  a i r p o r t s  w i l l  a l so  b e   r e q u i r e d .  The 
p a r t i c u l a r s  f o r  t h e  f i n a l  s e t  o f  a c c i d e n t s  s e l e c t e d  a r e  g i v e n  i n  
'Table V .  
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F ile  No. Loca 
A-0004 
1-0041 
1-0028 
1-0047 
3-0001 
3-0001 
TABLE V. ACCIDENTS  FOR  FURTHER  INVESTIGATION 
MA.,Boston 
NY-JFK 
Missouri, 
St .Louis 
Tennessee, 
Chatanooga 
NY - JFK 
NY-LaG. 
Penna., 
Johnstown 
Commercial 
Flight  Type 
Date A/C No. or Noncomm.  Accident 
12/17/73  EC-CBN C Hit  obstruction 
6/24/75 N8845E C Hard  landing 
7/23/73 N4215 C Hard  landing 
11/27/63  N3323L C Undershoot 
12/12/72 N788TW C Hit  obstruction 
1/4/71 N7 C Hit  obstruction 
1/6/74 N125AE C Stall 
Puerto  Rico,  12/21/71  N589JA C Hit  ground 
Culebra 
N.Carolina,  4/2/70  N401RA NCH t  trees
Morrisville 
Conn., 8/26/74 N5065B C Undershoot 
Madison 
Washington, 5/19/74 N55 NC Undershoot 
Mead 
Operational 
Phase 
Landing 
Landing 
Landing 
Landing 
Landing 
Landing 
Landing 
Landing 
Landing 
Landing 
Landing 
I 
I 
I 
Cause/l 
Fact or 
S.W. 
D-U 
TSTM, 
U.W. 
U.W. 
I 
S.W. 
U.W. 
D-U 
I 
U-D 
S.W. 
D-U 
D-U 
Standard  cause/factor  terms: S.W. = sudden  wind  shift; D-U = downdraft-updraft; 
U.W. = unfavorable  wind;  TSTM = thunderstorm 
F i l e  No. 
3-0780 
””- 
1-0050 
1-0012 
1-0005 
1 -0041  
1-0002 
1-0008 
Commercial 
Loca t   i n  Date A/C No, o r  Noncom.  Accident   Operat ional   Cause/  
F l i g h t  Type Phase Fac t  o r  
Georgia,  3/26/70 N7332T C S t a l l  
S t .  Marys 
Takeoff  U.W. 
”“””””””””“””“””””””” 
V i r g i n  I s . ,  12/10/70 N3417 C Hard l and ing   Land ing  U.W. 
S t .  Thomas 
C a l i f . ,  1/16/74 N757TW C Hard l and ing   Land ing  Fog 
Los Angeles 
Kansas,  3/3/74 N2307 C Overshoot  Landing  Rain 
Wichi ta  
Alaska, 10/2/70 N9117 C S t a l l  
S i t k i n a k  
Takeoff U.W.  
Ca l i f . ,  3/31/71 N3166 C H i t  ground  Landing  Fog 
Onta r io  
Alaska, 9/4/71 N2969G C H i t  ground  Landing Fo g 
N .  Juneau 
Note: The f i l e s  o f   t h o s e   a c c i d e n t s  l i s t e d  above the  dashed l i n e  were r e v i e w e d   i n  some I 
d e t a i l  while those below t h e  dashed l i n e  were  se lec ted  on  t h e  basis o f  the  
a c c i d e n t  b r i e f  o n l y .  
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